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ABSTRACT 
COLORADO POTATO BEETLE {LEPTINOTARSA DECEMLINEATA [SAY]) 
DISPERSAL AND REPRODUCTION AS POTENTIAL FACTORS IN THE 
DEVELOPMENT OF RESISTANCE TO BACILLUS THURINGIENSIS SUBSP. 
TENEBRIONIS CRY3A TOXIN 
MAY 1999 
ANDREI V. ALYOKHIN, B.Sc., MOSCOW PEDAGOGICAL 
STATE UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor David N. Ferro 
Dispersal and reproduction of the Colorado potato beetle, Leptinotarsa 
decemlineata (Say), with and without Bacillus thuringiensis subsp. tenebrionis Cry3 A 5- 
endotoxin in the environment were investigated through a series of field and laboratory 
studies. Possible implications for resistance management are discussed. 
Mating behavior of post-diapause beetles was observed. The influence of spring 
mating on beetle flight was investigated using a flight mill system. The beetles mated at 
the overwintering site, as well as in the potato field, and in the fields rotated out of 
potatoes. Mating status did not affect beetle flight, while absence of food encouraged 
flying over long distances. 
Dispersal of the summer-generation beetles was studied using a mark-recapture 
method. Effect of female age at the time of mating on the production of viable offspring 
VI 
was tested in the laboratory. Flight behavior of mated and unmated beetles was quantified 
on a flight mill. About 25% of the beetles remained close to the site of their pupation 
when they reached sexual maturity. Beetles produced viable offspring only if they 
accumulated at least 34 DD before mating. The largest number of flights was recorded for 
the unmated females. 
Use of phosphoglucomutase allozymes separated by cellulose acetate gel 
electrophoresis as genetic markers showed that sperm precedence in the Colorado potato 
beetle was incomplete, with about 72% of the larvae fathered by males at the second 
mating. 
A flight mill system was used to determine the effect of feeding on transgenic 
potato foliage, potato foliage treated with 5-endotoxin, and regular potato foliage on the 
flight of full-sib beetle families. Feeding on transgenic foliage had a strong negative effect 
on beetle flight. The beetles from the families that performed the longest flights when fed 
on regular foliage performed the shortest flights when fed on transgenic foliage. 
Laboratory experiments were conducted to compare relative fitness of beetle 
strains resistant and susceptible to 5-endotoxin. Net replacement rate, intrinsic rate of 
population increase, overwintering survivorship, and male mating capability were reduced 
for the resistant strain. Mortality, fecundity, and flight of the same strains were tested 
under laboratory conditions after beetles were fed on transgenic potato foliage, regular 
potato foliage, and regular potato foliage followed by transgenic foliage. Both strain and 
treatment had pronounced effects on the tested parameters, values for which decreased 
when the beetles were allowed to feed on regular foliage prior to a toxin ingestion. 
vu 
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CHAPTER 1 
COLORADO POTATO BEETLE BIOLOGY AND PEST STATUS 
Introduction 
Colorado potato beetle (Leptinotarsa decemlineata [Say]) is the most important 
insect defoliator of potatoes. It also causes significant damage to tomato and eggplant. 
One beetle consumes approximately 40 cm2 of potato leaves during the larval stage, and 
up to additional 9.65 cm2 of foliage per day as an adult (Ferro et al. 1985). In addition to 
impressive feeding rates, Colorado potato beetle is also characterized by high fecundity, 
with one female laying 300-800 eggs (Harcourt 1971). If left uncontrolled, the beetles can 
completely destroy potato crops. 
Life History 
The Colorado potato beetle has a complicated and diverse life history, which is 
well-suited to agricultural environments, and makes it a complex and challenging pest to 
control. Migrations by flight are closely connected with diapause, feeding and 
reproduction, and allow this insect to employ "bet-hedging" reproductive strategies, 
distributing its offspring in both space (within and between fields) and time (within and 
between years). Remarkable flexibility of the beetle’s life history significantly minimizes 
the risk of catastrophic losses of offspring in unstable agricultural ecosystems (Solbreck 
1978; Voss and Ferro 1990a). 
1 
The beetles overwinter in the soil as adults, with the majority aggregating in 
woody areas adjacent to fields where they have spent the previous summer (Weber and 
Ferro 1993). The emergence of post-diapause beetles is more or less synchronized with 
potatoes. If fields are not rotated, they are colonized by overwintered adults that walk to 
the field from their overwintering sites or emerge from the soil within the field (Voss and 
Ferro 1990b). If fields are rotated, the beetles are able to fly up to several kilometers to 
find a new host habitat. Once they have colonized the field, the overwintered beetles first 
feed and then oviposit within 5-6 days depending on temperature (Ferro et al. 1985; Ferro 
etal. 1991). 
In western Massachusetts, eggs laid by the overwintered adults begin to hatch in 
late May. The last instars (fourth) burrow into the soil to pupate in late June; however, 
certain numbers of the first-instar larvae can be found as late as early July. The first 
summer generation adults begin to emerge in the middle of July. Newly emerged beetles 
require 5-10 days of feeding before they initiate oviposition and complete flight muscle 
development (Levinson et al. 1979; Yang 1994; Weber and Ferro 1996). Their 
reproduction continues for 2 to 3 weeks after emergence, then the beetles migrate to 
overwintering sites (mainly by flying), and enter the soil to diapause (Voss and Ferro 
1990b). Those beetles that emerge under short-day photoperiod do not develop their 
reproductive system and flight muscles that season. They feed actively for several weeks 
and then either walk to the overwintering sites or burrow into the soil directly in the field 
(Voss and Ferro 1990b). 
2 
Mating Behavior 
Colorado potato beetle is a polygamous species, with both males and females 
performing multiple copulations with different partners (Szentesi 1985). Multiple matings 
are necessary for the females to realize their full reproductive potential, since at least three 
matings are required to fill the female’s spermatheca completely (Boiteau 1988a). For 
summer generation beetles, if a female mates with two different males, the sperm of the 
second male takes incomplete precedence, fertilizing 32-53% of the eggs (Boiteau 1988a). 
Between 5 and 20% of all copulations do not result in sperm transfer (Thibout 1982). 
Behavioral activities during courtship form a loose pattern with limited sequential 
order (Wiesner et al. 1984). Males guard females following the copulation, and display 
aggressive behavior towards other males (Szentesi 1985). There is a difference between 
the sexes in the composition of cuticular hydrocarbons (Dubis et al. 1987), which might be 
perceived by contact chemoreception and play an important role in sex recognition (Jermy 
and Butt 1991). Sexually mature females also produce an airborne sex pheromone, which 
acts as a long-range attractant for males (Edwards and Seabrook 1997). 
Dispersal and Migration 
Migratory behavior is tightly incorporated in the Colorado potato beetle life 
history. The Colorado potato beetle is capable of moving both by flight and by walking, 
and it can easily fly several kilometers (Weber and Ferro 1994a). Given favorable 
meteorological conditions, Colorado potato beetles can fly more than 100 km, as 
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evidenced by its incursions across the Baltic Sea to Scandinavia (Wiktelius 1981). Thus, 
flight is very important for the Colorado potato beetle to be able to colonize new habitats 
and escape from hostile environments, as well as for gene flow between isolated 
populations. Walking is relatively less important, because beetles are able to walk only 
several hundred meters at a maximum speed of about 1 cm/s (Ng and Lashomb 1983). 
Beetle flight initiation is strongly related to air temperature, starting at 15°C and 
reaching 100% for unfed overwintered adults at 20°C (Caprio and Grafius 1990). The 
Colorado potato beetle has three distinct types of flight (Voss and Ferro 1990b). The first 
one is short-range, local, or trivial flight. This is a low-altitude flight with frequent turning 
which occurs strictly within the host habitat. It may serve to distribute eggs within a field, 
or for mate-finding. For both sexes this flight serves a short-range “bet-hedging” function 
and allows the beetle to distribute its offspring in both space and time (Solbreck 1978). 
The second type of flight is a long-range or migratory flight. This is a straight-line, often 
downwind flight over the distances of several hundred meters or more used for 
colonization of new areas. It is not necessarily connected with the immediate search for a 
new host habitat as shown by Caprio and Grafius (1990), who observed beetles flying over 
potato fields obviously suitable for colonization. The third type of flight that can be 
distinguished is diapause flight. It is a low altitude, directed flight which often starts with 
a spiraling ascent from the crop to approximately a 5 m altitude, and a subsequent 
orientation to tall vegetation. The beetles fly to wooded sites or uncultivated field areas 
where they immediately burrow into the soil to diapause (Voss and Ferro 1990b). 
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Both sexes perform all three types of flight patterns (Weber and Ferro 1994a). 
Zehnder and Speese (1987) reported a 50:50 sex ratio of beetles caught in windowpane 
traps throughout the growing season. However, Voss and Ferro (1990a) showed that 
significantly more males than females engaged in local flight activity, possibly in search of 
mates. Hough-Goldstein and Whalen (1996) reported that almost two times as many 
overwintered males as overwintered females immigrated into fields by flights, though a 
portion of their data probably reflected local flight activity, especially later in the season 
(Voss and Ferro 1990b; Hough-Goldstein and Whalen 1996). Also, Weber and Ferro 
(1994b) found that overwintered males departed from a non-host habitat more readily than 
females, but were more likely than females to remain in a potato field. 
Insecticide Resistance 
The Colorado potato beetle has a remarkable ability to develop resistance to 
virtually every chemical that has ever been used against it (Weber and Ferro 1994a). High 
predisposition to resistance development is probably influenced by the coevolution of the 
beetle and its host plants in the family Solanaceae, which have high concentrations of 
toxins, namely glycoalkaloids (Ferro 1993). The first instance of Colorado potato beetle 
resistance to synthetic organic pesticides was noted for DDT in 1952 (Quinton 1955). 
Resistance to dieldrin was reported in 1958, followed by resistance to other chlorinated 
hydrocarbons (Hofmaster et al. 1967). In subsequent years the beetle has developed 
resistance to numerous organophosphates and carbamates (Forgash 1985). Presently it is 
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resistant to a wide range of insecticides, including the arsenicals, organochlorines, 
carbamates, organophosphates, and pyrethroids. The major problem area is the 
Northeastern United States (Forgash 1985); however, resistance has also been detected in 
Michigan (Ioannidis et al. 1991), Canada (Stewart et al. 1997), and Europe (Forgash 
1985; Boiteau 1988b). In some cases, a new insecticide failed after one year (e.g., endrin) 
and even during the first year of use (e.g., oxamyl) (Forgash 1985). Resistance 
mechanisms are highly diverse even within a relatively narrow geographical area (Ioannidis 
et al. 1991). Furthermore, the beetle shows cross-resistance to organophosphates and 
carbamates, and multiple resistance to organophosphates, carbamates, and pyrethroids 
(Ioannidis et al. 1991). 
Currently, field populations of the Colorado potato beetle can be effectively 
controlled by the insecticides based on the Bacillus thuringiensis subsp. tenebrionis 
Cry3 A endotoxin. However, selection of a Bt-resistant strain under laboratory conditions 
(Whalon et al. 1993; Rahardja and Whalon 1995) indicated that there is a potential threat 
of the failure of B. thuringiensis-bzsed materials, similar to the failure of synthetic 
insecticides. The probability of rapid resistance development will increase dramatically 
with increased persistence and coverage by these materials, a condition typical for 
transgenic plants (Ferro 1993). Gould (1988) and Ferro (1993) presented theoretical 
evidence that the Colorado potato beetle is likely to develop resistance to transgenic plants 
expressing high levels of the endotoxin within six generations if the use of these transgenic 
plants is mismanaged. 
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Movement, allowing for gene flow between genetically heterogeneous populations, 
is recognized as one of the key factors in delaying resistance development (Tabashnik and 
Croft 1982; Tabashnik 1986). It may be of a particular importance for the Colorado 
potato beetle because of its high dispersal potential, and especially because of its 
tremendous fecundity. Currently, it is believed that the best way to prevent resistance 
development is to minimize beetle exposure to the toxin, hence minimizing selective 
pressure. For this reason, any management strategies that do not rely exclusively on using 
transgenic plants for controlling the Colorado potato beetle, but instead integrate these 
plants with other management tactics, should delay resistance development (Ferro 1993; 
Whalon and Ferro 1998). This includes provision of temporal and spatial refuges from 
exposure to toxins (Gould 1988; McGaughey and Whalon 1992). Refugia can be created 
by mixing non-transgenic plants with transgenic plants to support a population of 
susceptible individuals sufficient to curtail matings between resistant individuals, by 
planting a block of susceptible plants adjacent to a field planted to transgenic plants, or by 
using crop rotation to prevent matings between resistant individuals (Tabashnik 1994; 
Whalon and Ferro 1998). High gene flow among the mosaic of pesticide treated and 
untreated areas always retards the evolution of resistance (Taylor and Georghiou 1979; 
Tabashnik and Croft 1982) for the treated areas, which is helpful in pest control. 
However, such gene flow significantly increases the frequency of resistance alleles within 
the untreated fields (Comins 1977a, b; Caprio and Tabashnik 1992), thus increasing pest 
population preadaptations to the future applications of pesticides. Therefore, a good 
7 
understanding of the interrelations between dispersal and the evolution of resistance is 
crucial for the development of sound management practices using transgenic plants. 
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CHAPTER 2 
\ 
REPRODUCTION AND DISPERSAL OF OVERWINTERED COLORADO 
POTATO BEETLES 
Introduction 
Colorado potato beetle, Leptinotarsa decemlineata (Say), is the major defoliating 
insect pest of potato in North America (Weber and Ferro 1994a). Migratory flights 
closely connected with diapause, feeding, and reproduction allow the beetle to employ all 
four possible permutations of now/later, here/elsewhere dichotomies for the distribution of 
offspring in space and time (Solbreck 1978; Voss and Ferro 1990b), thus minimizing the 
risk of extinction in the event of crop rotation or application of pesticides. Most long¬ 
distance flights are performed by overwintered adults (Weber and Ferro 1994a), which 
usually complete their diapause in woody areas adjacent to fields where they have spent 
the previous summer (Weber and Ferro 1993). These adults normally have large energy 
reserves remaining from the previous season, and do not need to feed prior to flight (Ferro 
et al. 1991). Moreover, field observations (Caprio and Grafius 1990), as well as flight-mill 
experiments (Ferro et al. 1991; Weber and Ferro 1996), have shown that unfed 
overwintered beetles flew more frequently and longer than fed beetles, indicating that 
flight is an important behavior in the location of host habitats. If a host habitat is found, 
post-diapause females can lay eggs using sperm from the pre-diapause mating; however, 
the viability of such eggs is lower than viability of the eggs laid by spring-mated females 
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(Ferro et al. 1991). Females which do not encounter host vegetation remain oostatic 
(Weber and Ferro 1996). 
While much is known about flight and reproduction of overwintered Colorado 
potato beetles, little is known about beetle mating early in the season. Gould (1998) 
suggested that even if 10% of the eggs laid by the overwintered females are fertilized by 
prewinter matings, the currently adopted high-dose/refiigia approach to insecticide 
resistance management in this species could be significantly compromised due to the high 
probability of resistant individuals mating to each other within the main crop. Therefore, 
the beetle’s ability to mate soon after post-diapause emergence from the soil might be an 
important consideration in designing resistance management plans. The present study 
sought to determine if beetles mate before leaving their overwintering sites, and if mating 
status has any effect on beetle propensity to fly. We speculated that since spring mating is 
important for the maximization of egg fertility (Ferro et al. 1991), female beetles would be 
reluctant to engage in long-distance flight prior to copulation because the probability of 
meeting a mate will be the highest within or near last year’s overwintering site. 
Materials and Methods 
Field Observations 
Emergence of Post-Diapause Males and Females 
A woody border surrounding a commercial potato field in Sunderland, 
Massachusetts was cleared of brush in early spring of 1997. Ten lm x lmxO.lm screen 
10 
cages were placed side by side in two plots located at a comer of the field (5 cages in each 
plot). From May 3 to August 3, these cages were checked twice weekly for Colorado 
potato beetle emergence. Emerging beetles were collected, brought to the lab, and sexed. 
Mating Observations 
Direct mating observations were carried out at a commercial field in Sunderland, 
Massachusetts from late May to early June, 1996. The field was planted with potatoes in 
1995, and then rotated to sweet corn in 1996. The site was selected after soil samples 
taken from the strip of woody vegetation along the field border revealed a sufficiently high 
population of overwintering Colorado potato beetles. 
Mating within the Overwintering Habitat. Four pairs of 2 * 10 m rectangular plots 
were set up randomly along the border of this field in late May, 1996. Within each pair of 
adjacent plots, one plot was located within a strip of woody vegetation surrounding the 
field; another plot was located within the field itself, immediately next to the field border. 
All the plots were oriented in such a way that the longer side of each plot was parallel to 
the field border. The number of Colorado potato beetle mating pairs and the number of 
Colorado potato beetle males guarding females following copulation were recorded in 
each plot at 3 different times of day. Counts were made from 8:00 a.m. to 10:00 a.m., 
from 12:00 a.m. to 2:00 p.m., and from 4:00 p.m. to 6:00 p.m. Soil surface and 
vegetation within the plots were carefully examined. No attempt was made to detect the 
beetles located on trees higher than 2.5 m above the ground. The study was repeated on 
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May 25, May 27, and May 29, with a total of twelve different plot pairs monitored. On 
May 27, the data for four plots within the field were recorded only in the morning because 
the field was plowed later in the day. Observations on that field resumed on May 29. 
Mating within a Rotated Field. Three sets of five 2 x 10 m rectangular plots each 
were set up at the same commercial potato field in early June, 1996. Within each set, the 
first plot was located within a strip of a woody vegetation, the second plot was located 
within the field immediately next to the field border, and the next three plots were located 
deeper into the field at 10 m intervals from each other. All plots were oriented with then- 
longer sides parallel to the field border, and their short sides aligned in a straight line. The 
number of Colorado potato beetle mating pairs and the number of Colorado potato beetle 
males guarding females following copulation in each plot were recorded. Since our 
observations within the overwintering site (see above) did not show a statistically 
significant effect of time of day on the number of mating pairs, these and all the following 
observations were made once a day, from 11:00 a.m. until 1:00 p.m. The study was 
repeated on June 6, June 8, June 10, and June 12, with a total of twelve different five-plot 
sets monitored. 
Mating after Colonizing Host Habitat. Twelve potted potato plants were 
randomly distributed within the field at least 5 m away from the field border. The number 
of beetles recruited to each plant, the number of mating pairs, and the number of males 
engaging in post-copulatory guarding of females were recorded for approximately 5 min 
on each plant 24 and 48 hours after placing the potato plant in the field. All the plants 
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were then moved to the greenhouse. The experiment was repeated twice, on June 7 and 
June 13. 
Proportion of Beetles Mating within an Overwintering Site. A 2 x 3 m plot was 
set up at a random location within a strip of woody vegetation surrounding a commercial 
potato field in South Deerfield, MA. Beetle mating was observed continuously for 4 
hours, between 9:30 a.m. and 1:30 p.m. The total number of beetles within the plot, and 
the number of mating pairs were recorded. Observations were repeated on May 13, May 
14, and May 16, 1998, with a total of 3 different plots monitored. 
Laboratory Experiments 
Beetle Origin 
Diapausing Colorado potato beetles were collected in late April, 1995 from an 
overwintering site adjacent to a potato field in Northampton, Massachusetts. They were 
placed in plastic Rubbermaid® boxes and covered with a 7.5 cm layer of sterilized soil. 
The containers were stored in a completely dark cold room (+4°C). At the beginning of 
the experiment, the beetles were removed from storage and placed individually into 
separate ventilated plastic Nalgene® boxes (12 x 7 x 5.5 cm) containing a 1 cm layer of 
sterilized soil. To test the possible influences of feeding and mating on flight behavior, 
female beetles were separated into four treatments: fed mated beetles, fed unmated 
beetles, unfed mated beetles, and unfed unmated beetles. Fifty females for each 
feeding/mating status combination were tested. The term “unmated” in our study 
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described post-diapause mating only, since most of the females used in the experiment 
were likely to have mated in the previous fall (Tauber et al. 1988a; Ferro et al. 1991). 
Females representing the two fed treatments were provided with fresh potato foliage (daily 
excised potato leaflets inserted into aquapics containing water). Unfed females were 
provided with moistened dental wicking. Half of the fed and half of the unfed females 
were paired in the Nalgene® boxes with post-diapause males removed from the same 
population. Once the beetles were removed from the cold room, they were kept in an 
environmental chamber maintained at +27°C and 16 : 8 (L : D) photoperiod. 
Mating 
The 16-hour light period maintained in the environmental chamber was separated 
for observational purposes into four 4-hour time periods. Mating of 50 fed and 50 unfed 
beetle pairs was monitored in Nalgene® boxes for one hour randomly selected within each 
of these periods, for a total of four observations per day. Female guarding by males was 
considered to be an indication of a previous mating. 
Flight Mill Experiments 
A system of 20 flight mills was used to quantify beetle flight. Prior to being placed 
on the flight mills, the beetles were allowed to accumulate approximately 170-180 DD for 
post-diapause flight muscle regeneration (Yang 1994). The females were then flown 
repeatedly for one hour every other day for a total of 15 days. The number of beetles that 
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flew, distance and time of each flight, and the number of flights for each beetle were 
recorded. Five females from each treatment were flown at a time. The experiment was 
replicated 10 times, with a total of 50 females tested per treatment. The flight mill system 
used in the present study was similar to the system described by Weber et al. (1993). The 
only major difference was that we used a PC-DIO-96 interface board (National 
Instruments, Austin, TX) instead of a custom made interface board used by Weber et al. 
(1993), allowing us to increase overall system reliability. 
Statistical Analysis 
Variations in the proportions of beetles displaying a certain behavior were analyzed 
using Chi-square tests (PROC FREQ, SAS Institute, 1989). Flight mill data were 
transformed using rank transformations (Conover and Iman 1981) in order to equalize 
variances and normalize their distribution, and Huynh-Feldt adjusted repeated measures 
analysis of variance was applied to the transformed data (PROC GLM, SAS Institute, 
1989). Means and standard errors were calculated using non-transformed data. To 
distinguish between long-distance (migratory) flights which would remove beetles from 
the original habitat, and local flights within such a habitat (Voss and Ferro 1990b), all 
flight bouts recorded by the flight mill were separated into two groups according to flight 
duration. Flights over 200 seconds were considered to be migratory. Such flights usually 
allow the beetles to travel over 200 m under field conditions (Ferro et al. 1991; Weber et 
al. 1993). In western Massachusetts, where most potatoes are produced on small farms. 
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such a distance is usually sufficient for removing beetles away from the fields of their 
origin. The ratios of local and migratory flights were compared among the treatments 
using Chi-square test (PROC FREQ, SAS Institute, 1989). 
Results 
Field Observations 
Emergence of Post-Diapause Males and Females 
A total of 556 female and 506 male Colorado potato beetles were collected 
between May 3 and August 2. The sex ratio of the emerged beetles did not differ 
significantly from 1:1 (Chi-square test, x2=118, d.f.=l, P=0.2778), and both sexes 
emerged from the soil synchronously (Chi-square test, x2=16.23, d.f.=18, P=0.5767)(Fig. 
2.1). 
Mating 
Mating within the Overwintering Habitat. Results of the experiment are shown in 
Table 2.1. A total of 2,397 beetles were observed within the overwintering site during the 
study. That included 17 mating pairs, as well as 48 beetle pairs in which a male was 
mounted on a female, but no actual aedeagus intermission was observed. The proportion 
of beetles engaged in mating did not vary significantly with time of day (Chi-square test, 
X2=2.12, d.f.=2, P=0.3463), or between the ground and the vegetation (Chi-square test, 
X2=0.81, d.f.=l, P=0.3648). A total of 530 beetles were observed at the field plots. Only 
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one beetle pair was recorded to be mating; in addition, in another pair a male tried to 
mount a female unsuccessfully. 
Mating within a Rotated Field. Results of the experiment are shown in Table 2.2. 
This time, a total of 1004 beetles were observed. Nineteen beetle pairs were observed 
mating, and in another 53 pairs, a male was mounted on top of a female without actually 
copulating at the time of observation. The proportion of beetles engaged in mating did 
not change from the first observational plot located within the overwintering site towards 
the last observational plot located 36 meters deep into the field (Chi-square test, x =6.78, 
d.f.=4, P=0.1483). 
Mating after Colonizing Host Habitat. Within the first 24 hours, a total of 109 
beetles were recruited to the potted plants. Five mating pairs were observed, and in an 
additional 3 pairs, males were mounted on top of the females. During the next 24 hours, 
the number of recruited beetles increased to 261. Twelve beetle pairs were mating, and in 
addition, 10 males were mounted on top of females. 
Proportion of Beetles Mating within an Overwintering Site. A total of 161 beetles 
was encountered during the three days of observations, with 100 of them (62.1%) mating. 
Laboratory Experiments 
Mating 
Both fed and unfed post-diapause Colorado potato beetles mated. The first 
matings were observed within the first 24 hours after the beetles emerged from the soil 
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(60-90 DD accumulated). The beetles continued to mate throughout the duration of the 
experiment. Mating was recorded for 38 pairs of fed beetles and 39 pairs of unfed beetles, 
with 24 pairs of fed beetles and 25 pairs of unfed beetles mating more than once. Feeding 
did not influence proportion of beetles mating (Chi-square test, x2=0.29, d.f=1, 
P=0.5917), neither did it have any effect on the proportion of multiple matings (Chi- 
square test, %2=0.\, d.f.=l, P=0.7463). 
Flight Mill Experiments 
Beetles from all four treatments tested flew after being placed on the flight mill 
(82.93% of fed mated beetles, 86.96% of fed unmated beetles, 67.39% of unfed mated 
beetles, and 86.36% of unfed unmated beetles). The overall proportion of flying beetles 
did not differ among the treatments (Chi-square test, %2=7.60, d.f.=3, P=0.0550). 
Percentage of flying beetles decreased from 63.3% on the first day of the experiment to 
just 14.7% on the last day of the experiment (Fig. 2.2). The difference among the days of 
the experiment was highly statistically significant (Chi-square test, x =125.78, d.f.=7, 
P=0.0001) 
The mean duration of beetle flight changed over time, as shown by the highly 
significant effect of day of experiment (ANOVA, F=40.62, d.f.=7, 1372, /,=0.0001). The 
longest flights were recorded at the beginning of the study (Fig. 2.3). Fed beetles spent in 
flight on average 183.65 seconds (SE=30.02), while unfed beetles spent in flight on 
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average 478.62 seconds (SE=55.42). There was a highly significant interaction between 
beetle feeding status and day of experiment (ANOVA, F=2.48, d.f =7, 1372, P=0.0223), 
with the unfed beetles performing longer flights on earlier days of the study and the 
reverse occuring on some later days (Fig. 2.3). Mated beetles spent in flight on average 
331.34 seconds (SE=35.25), while unmated beetles spent in flight on average 300.68 
seconds (SE=40.98). Mating did not have any effect on the duration of beetle flights 
(ANOVA, F=0.09, d.f=1, 196, P-0.7700), and interaction between beetle mating status 
and day of experiment was statistically insignificant (ANOVA, F=0.94, d.f.=7, 1372, 
P-0.4641). 
Beetles from all four treatments engaged in both short-distance and migratory 
flights. Fed beetles performed on average 3.95 flights (SE=0.65), unfed beetles performed 
on average 3.08 flights (SE=0.59), mated beetles performed on average 3.37 flights 
(SE-0.63), and unmated beetles performed on average 3.66 flights (SE=0.63). The 
overall number of flights performed by beetles was not influenced by their feeding 
(ANOVA, F=2.38, d.f=1, 196, P-0.1243) or mating (ANOVA, F-0.06, d.f=1, 196, 
P-0.8056) status. However, for the unfed mated beetles migratory flights accounted for 
33.71% of all flights, while for the fed mated beetles just 13.41% of flights were longer 
than 200 seconds. Similarly, migratory flights constituted 33.58% of all flights for the 
unfed unmated beetles, but only 13.73% for the fed unmated beetles. The difference 
among the treatments was highly significant (Chi-square test, x2=40.24, d.f.=3, 
P-0.0001). 
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Discussion 
Our results indicate that spring emergence in the Colorado potato beetle is 
simultaneous for males and females, and the beetles begin to mate very soon after 
emerging from the soil. Mating took place in the presence, as well as in the absence, of 
host plants, with a substantial number of beetles mating directly within overwintering sites. 
Our experimental protocol did not allow us to determine the exact proportion of a beetle 
population that mated before leaving in search of a host habitat. Since our observations 
covered only a small part of time periods when the matings could have occured, the 
numbers reported in the present study probably underestimate actual numbers of mating 
beetles. Nevertheless, the fact that over 60% of the beetles monitored for 4 h in May, 
1998 mated within the overwintering site indicates that such mating is an important part of 
the beetle’s life history. As a whole, spring mating is going to contribute to an overall 
“bet-hedging” strategy employed by the Colorado potato beetle, allowing this insect to 
increase genetic diversity of its offspring and distribute its progeny over time between the 
seasons (Voss and Ferro 1990b). 
Under laboratory conditions, the first matings in our study took place as early as 
within the first 24 hours after the beetles emerged from the soil (60-90 DD accumulated), 
well before post-diapause regeneration of flight muscles was complete (Yang 1994). We 
found no significant association between mating status of the overwintered beetles and 
their dispersal by flight. Unfed post-diapause beetles in our experiment flew over longer 
distances than fed post-diapause beetles, indicating that flight is an important behavior in 
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the search for host habitats. Similar effects of starvation on the flight activity of 
overwintered beetles have been previously reported by Caprio and Grafius (1990), Ferro 
et al. (1991), and Weber and Ferro (1996). It appears that securing spring mating is less 
important for post-diapause adults than securing successful colonization of a suitable 
habitat. Indeed, females overwinter sperm from the last season’s mating, and are capable 
of producing viable eggs without additional copulation in the spring (Ferro et al. 1991). 
Furthermore, since host habitats attract both male and female beetles, there is a good 
probability of finding a mate after habitat colonization. Our observations that the beetles 
recruited to potted potato plants mate with each other support such conclusion. 
The Colorado potato beetle’s spring mating within or near overwintering sites may 
have important implications for insecticide resistance management. Beetle resistance to 
insecticides is usually incompletely dominant (Argentine et al. 1989, 1992; Ioanmdis et al. 
1991; Rahardja and Whalon 1995). As a result, heterozygous progeny of resistant beetles 
surviving within treated fields and mating to susceptible beetles from untreated refugia 
could be eliminated by high doses of applied insecticides, such as contained in the foliage 
of transgenic potato plants which express high levels of the Bacillus thuringiensis Cry3A 
toxin. Colorado potato beetle adults migrating to overwintering sites after diapause 
induction normally orient towards tall woody vegetation (Voss and Ferro 1990b). 
Therefore, if refugia are created by leaving strips of untreated potato foliage throughout 
the field (Whalon and Ferro 1998), and these strips are oriented more or less parallel to 
the field borders, resistant beetles from the main crop and susceptible beetles from the 
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refugia will overwinter in the same woody areas along the field borders, and mate with 
each other the following spring. 
Encouraging mating between resistant and susceptible beetles is especially 
important when a field is rotated out of potatoes. Crop rotation, which is highly effective 
in reducing Colorado potato beetle populations (Lashomb and Ng 1984; Wright 1984), 
will also promote long-distance flight dispersal by post-diapause beetles in search of food. 
Therefore, if resistant females mate to resistant males within the field of their origin, and 
then produce some offspring within a newly colonized host habitat before mating with 
susceptible males, crop rotation could effectively export resistance to distant fields (Caprio 
and Tabashnik 1992; Grafius 1995). 
Overall, the results of the present study suggest that spring mating might play a 
substantial role in the gene flow between resistant and susceptible Colorado potato beetle 
populations. However, additional studies quantifying the proportion of beetles mating 
within overwintering sites, and determining time between successive matings performed by 
an average female might be required to further clarify this important issue. 
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Figure 2.1. Emergence of post-diapause male and female Colorado potato beetles from 
the soil within overwintering sites, Sunderland, MA, 1997. 
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Figure 2.2. Effect of time since completion of flight muscle regeneration on the 
proportion of post-diapause Colorado potato beetles flying. 
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CHAPTER 3 
REPRODUCTION AND DISPERSAL OF SUMMER-GENERATION 
COLORADO POTATO BEETLES 
Introduction 
The Colorado potato beetle, Leptinotarsa decemlineata (Say), is the major insect 
defoliator of potato in North America (Weber and Ferro 1994a). This pest has a 
complicated and diverse life history that is well-suited to agricultural environments. 
Migration, closely connected with diapause, feeding and reproduction, allows the 
Colorado potato beetle to employ "bet-hedging" reproductive strategies, distributing its 
offspring in both space (within and between fields) and time (within and between years), 
thus minimizing its catastrophic loss due to insecticides or crop rotation (Solbreck 1978; 
Voss and Ferro 1990b). Furthermore, Colorado potato beetle has a remarkable ability to 
develop resistance to a wide variety of chemicals, with some insecticides failing as soon as 
one year after application (Forgash 1985). As a result, indiscriminate use of insecticides 
or simple crop rotation does not provide adequate control of this pest (Whalon and Ferro 
1998). Therfore, successful development of more sophisticated management techniques 
largely depends on understanding this beetle’s life history, including the intricate 
relationship between its dispersal and reproduction. 
The Colorado potato beetle is a highly mobile species, capable of moving both by 
flight and by walking. Adult beetles start walking soon after they complete pupation in the 
soil (Voss and Ferro 1990b). However, they need to feed for 5-10 days before they finish 
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flight muscle development and become capable of initiating flight (Voss and Ferro 1990b; 
Yang 1994; Weber and Ferro 1996). Once flight muscles are fully developed, the beetles 
can easily fly several kilometers (Weber and Ferro 1994a). Beetle incursions across the 
Baltic Sea to Scandinavia show that under favorable meteorological conditions beetles can 
fly over 100 km (Wiktelius 1981). Flight activity continues throughout the season, and 
resumes in the spring after adult beetles complete diapause development (Weber and Ferro 
1994a). 
Both beetle sexes are capable of flying (Weber and Ferro 1994a). However, 
information on the relative flight activity of male and female beetles is somewhat 
contradictory. Voss and Ferro (1990a) showed that significantly more males than females 
engaged in local flight activity, possibly in the search of mates. In the experiments by 
Weber and Ferro (1994b), overwintered males departed from a non-host habitat more 
readily than did females, but were more likely than females to remain in a potato field after 
migrating from overwintering site. Conversely, Zehnder and Speese (1987) reported a 
50:50 sex ratio of beetles caught in windowpane traps throughout the growing season. 
All the beetles used by Voss and Ferro (1990a), Weber and Ferro (1994b), and Zehnder 
and Speese (1987) were collected in the field, and their exact mating histories were 
unknown. 
Reproductive activity is an important factor affecting insect flight (Johnson 1969), 
and flight behavior of virgin and mated insects is often distinctly different (Milne 1960; 
Green 1962; Dingle 1966; Sappington and Showers 1992; King 1993). Our recent 
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experiments described in the previous chapter did not show any influence of spring mating 
on the flight behavior of the overwintered Colorado potato beetle females. However, 
Colorado potato beetle females normally store sperm from the previous season, and do 
not need to mate after diapause termination to produce viable offspring (Ferro et al. 
1991). Little is currently known about the movement of recently emerged summer- 
generation Colorado potato beetles, or about any possible influence of their mating status 
on dispersal. A good understanding of this issue is of practical importance. Commercial 
potato growers in North America increasingly rely for the Colorado potato beetle control 
on transgenic potato plants expressing Bacillus thuringiensis (Berliner) subsp. tenebrionis 
Cry3A toxin in their foliage (Whalon and Ferro 1998). Persistence, dosage, and 
distribution of the toxin is maximized in such plants. As a result, we should expect a rapid 
resistance development due to the increased selection pressure on beetle populations 
(Ferro 1993). Only resistant larvae will be able to survive to adulthood on transgenic 
plants, and pupation normally takes place in the soil under a plant where larval 
development was completed. Therefore, if adult beetles mate before moving away from 
the site of emergence, there is a high probability that resistant beetles will mate to each 
other and leave homozygous resistant offspring. 
The major objective of the present study was to determine if summer-generation 
Colorado potato beetles are likely to mate before moving away from the place of their 
larval development, and if mating status has an effect on their dispersal by flight. 
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Materials and Methods 
Effect of Beetle Age on the Viability of Mating 
Two hundred teneral virgin beetles (100 males and 100 females) were collected 
from a laboratory colony within 24 hours after emergence from the soil. The colony 
currently maintained in our laboratory originated in 1982 by collecting beetles from the 
University of Massachusetts Vegetable Research Farm, South Deerfield, Massachusetts. 
In an attempt to keep genetic composition of the colony close to that of local field 
populations, we maintained a large colony size and infused field-collected individuals 
annually. Also, to prevent selection towards early-maturing individuals, eggs for each 
subsequent colony generation were collected 8-10 days after beetle eclosion from pupae 
when most females have become reproductive. Collected beetles were placed into 
separate ventilated plastic Nalgene® containers (12x7x5.5 cm), and provided with 
potato foliage (excised leaflets inserted into floral pics containing tap water). Containers 
were maintained in an environmental chamber at 27°C and a 16 : 8 (L : D) photoperiod. 
The beetles were separated into five groups based on when females and males were paired 
in the same container. These were (1) on the first day after emergence from the soil; (2) 
on the second day after emergence from the soil; (3) on the third day after emergence 
from the soil; (4) on the fourth day after emergence from the soil; and (5) on the fifth day 
after emergence from the soil. The beetles were allowed to mate for 24 hours, after which 
the males were removed from the containers. Beetle oviposition was checked daily for a 
10-day period following the day of mating. Egg masses were collected and incubated at 
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27°C and 16 : 8 (L : D) photoperiod to check their viability. Potato foliage in Nalgene® 
containers was replaced as needed. 
Movement of Newly Emerged Beetles under Field Conditions 
Eight potato plots (8 rows by 10 m) were planted at the University of 
Massachusetts Vegetable Research Farm, South Deerfield, Massachusetts. Each plot 
consisted of eight 10-meter long rows of plants, with 0.9 m spacing between the rows and 
25 cm spacing between the plants in a row. The plots were arranged in a 2 by 4 grid and 
isolated from each other by a 5 m fallow area. The experiment was carried out between 
August 8 and August 31, 1994. A metal screen cage was fitted over a single potato plant 
at the center of each plot. All naturally occurring Colorado potato beetle adults, larvae, 
and eggs were removed from the caged plants prior to the beginning of the experiment. 
Forty 4th instars were obtained from the University of Massachusetts laboratory colony, 
placed onto each of the caged plants, and allowed to complete development to adulthood. 
As teneral adults emerged from the soil, they were removed from the cages and marked 
according to a technique described by Unruh and Chauvin (1993). Each mark in the 
present study was unique, allowing us to distinguish between individual beetles. Marked 
adults were released next to the cage of their emergence. All plants in each plot were 
thoroughly checked for marked beetles daily over a two-week period, and the identity of 
each beetle, location and distance traveled, and the number of dead beetles were recorded. 
Missing beetles were assumed to have migrated outside of the experimental field. The 
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number of beetle pairs in which a male was mounted on top of a female was recorded, but 
no attempt was made to determine if paired beetles actually copulated. Hourly 
temperature readings were obtained from a weather station located approximately 800 m 
from the experimental field, and the number of degree-days accumulated by the beetles at 
each day of the experiment was calculated using 10°C as a threshold (Tauber et al. 
1988b). Experimental data were analyzed using logistic regression (PROC LOGISTIC, 
SAS Institute, 1989), Student t-tests (PROC TTEST, SAS Institute, 1989), and Mann- 
Whitney rank sum tests (PROC NPAR1WAY, SAS Institute, 1989). 
Effect of Mating Status on Beetle Flight Behavior 
Teneral adults were collected from the laboratory colony within 24 hours after 
emergence from the soil and separated into four groups: virgin males, virgin females, 
mated males, and mated females. To obtain virgin beetles, teneral females and males were 
placed individually into ventilated plastic Nalgene® boxes containing a 1 cm layer of soil. 
To obtain mated beetles, the beetles were paired in similar containers (1 female and 1 male 
per container). All beetles were provided with cut potato leaflets inserted in floral pics 
containing tap water. The boxes were placed into an environmental chamber at 23±1°C 
and a photoperiod of 16 : 8 (L : D) hours. 
Starting on the seventh day after emergence from the soil, the beetles were placed 
on a flight mill system for one hour every other day for two weeks. The number of beetles 
that flew, duration of each flight, and the number of flights for each beetle were recorded. 
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Five males and five females per treatment were tested at a time. The experiment was 
replicated ten times, with a total of 50 males and 50 females per treatment tested. Flight 
mill data were transformed using rank transformations (Conover and Iman 1981) in order 
to equalize variances and normalize their distribution, and then Huynh-Feldt adjusted 
repeated measures analysis of variance was applied to the transformed data (PROC GLM, 
SAS Institute, 1989). Means and standard errors reported here were calculated using 
non-transformed data. 
Results 
Effect of Beetle Age on the Viability of Mating 
All tested females laid eggs during the experiment. However, none of the eggs 
were fertile unless the beetles accumulated at least 34 degree-days before being paired in 
the containers (Table 3.1). Further degree-day accumulation did not affect the proportion 
of beetles producing viable offspring (Chi-square test, y?=2.61, d.f.=2, P=0.2636). 
Regardless of the age at mating, females did not start laying eggs until they accumulated a 
minimum of 51 DD. Although oviposition was significantly delayed for the beetles which 
were paired at 51 DD (Kruskal-Wallis one-way ANOVA, x2=13.38, d.f.=4, P=0.0096) 
(Table 3.1), the observed difference could probably be attributed to an experimental 
artifact due to the interference of mating with oviposition. When the beetles from that 
particular group were dropped from the analysis, the difference among the remaining 
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groups lost its statistical significance (Kruskal-Wallis one-way ANOVA, x2=4.66, d.f.=3, 
P=0.1987). 
Movement of Newly Emerged Beetles under Field Conditions 
A total of 231 beetles emerged from the soil; 19 of the emerged beetles died during 
the experiment. Within the first 24 hours after emergence from the soil, only about half of 
the originally released beetles were observed, and about 5% of the beetles remained within 
the plots until the end of the experiment (Fig. 3.1). A logistic regression model provided a 
good fit for the collected data (Score test, d.f.=2, x2=532.13, P=0.0001). The number of 
accumulated degree-days had a highly significant effect on the proportion of marked 
beetles leaving the experimental site (Wald test, d.f=1, x2=472.28, P=0.0001), and there 
was no difference in the departure rates of males and females (Wald test, d.f.=l, x =2.55, 
P=0.1103). The beetles which did not move away from the experimental site tended to 
stay close to the place where they emerged from the soil. After accumulating between 
35.8 and 58.3 DD following emergence (the amount of degree-days sufficient to become 
reproductive), males traveled on average about 1.33 m (SE=0.12), and females traveled 
on average about 0.95 m (SE=0.40)(Fig. 3.2). The difference in distances between sexes 
was not statistically significant (Student t-test, d.f. =46.03, t=0.9096, P=0.3681). 
Fifty beetles were observed pairing with the opposite sex during the experiment. 
On average, the first pairing was recorded after the beetles accumulated 53.12 degree- 
days. However, 8 females and 5 males paired as early as after only 19.75 degree-days 
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since their emergence from the soil. The ages at first pairing did not differ significantly 
between the sexes (Mann-Whitney rank sum test, d.f =48, U=238.5, P=0.3169). Ten 
beetles were observed pairing more than once, with nine of them associating with multiple 
partners. 
Effect of Mating Status on Beetle Flight Behavior 
Beetles from all four treatments tested in the experiment flew after being placed on 
the flight mill system (84.0% of unmated males, 94.0% of unmated females, 100.0% of 
mated males, and 91.67% of mated females). The proportions of flying beetles did not 
differ significantly among the treatments (Chi-square test, x2=0.37, d.f.=3, P=0.9472) or 
between days of the experiment (Chi-square test, x2=6.59, d.f.=6, P=0.3607). The 
number of flights performed by the beetles depended heavily on their sex and mating 
status, as well as on the sex by mating status interaction (Table 3.2). Mated males 
engaged in almost twice as many flights as unmated males (Fig. 3.3). On the opposite, 
the number of flights performed by mated females was approximately twice as low as the 
number of flights performed by unmated females (Fig. 3.3). When the sexes were 
analyzed separately, the effect of mating was significant both for males (ANOVA, d.f.=1, 
98, F=9.62, />=0.0025) and females (ANOVA, d.f.=1, 98, F=33.82, P=0.0001). Similar to 
the number of flights, mean flight duration was also influenced by sex, mating status, and 
by the interaction of these two factors (Table 3.2). Separate analysis of beetle sexes did 
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not reveal any differences between mated and unmated males (ANOVA, d.f.=l, 98, 
F=2.91, P=0.0914)(Fig. 3.4). However, the flights performed by unmated females were 
approximately 3.8 times longer than those performed by mated females (Fig. 3.4), with the 
difference being statistically significant (ANOVA, d.f.=l, 98, F=61.71, .P=0.0001). Both 
number of flights and mean flight duration changed over time (Fig. 3.5). The difference 
between the days of experiment was statistically significant, and there was a significant 
three-way interaction between the day of flight, beetle sex, and beetle mating status (Table 
3.2). 
Discussion 
The Colorado potato beetle is a highly mobile species. Adult dispersal starts at the 
moment of beetle eclosion, with newly emerged beetles walking from the place of their 
emergence from the soil. As soon as the beetles develop flight muscles, they engage in 
local and migratory flights, allowing for further dispersal within the field of origin, as well 
as for colonization of new host habitats. Initial increase in flight activity after completion 
of flight muscle development (Yang 1994) is followed by a gradual decline in beetle flight 
(Fig. 3.4). However, we did not observe a distinct peak of flight activity characteristic of 
the overwintered beetles (see Chapter 2). Overall, our results agree with the earlier 
findings of Voss and Ferro (1990b) and Weber and Ferro (1996). 
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The data from the present study indicate that some of the beetles move away from 
the site of larval development before completing maturation of the reproductive system 
and flight muscles. Unfortunately, it was hard to determine the exact proportion of 
individuals dispersing before becoming reproductive. The numbers reflected in Fig. 3.1 
might underrepresent the actual number of beetles staying within the experimental plots 
because some of the beetles remained unnoticed during the observations. This could also 
explain a dramatic decrease in the number of encountered beetles on the day following 
release (Fig. 3.1). Also, we can not exclude the possibility that some of the missing 
beetles were completely consumed by predators. However, Colorado potato beetles are 
aposematically colored, and their low palatability has been demonstrated for several of 
potential predators (Deroe and Pasteels 1977; Hough-Goldstein et al. 1993). 
Furthermore, the rose-breasted grosbeak Pheucticus ludovicianus (L.), the only predator 
which has been to our knowledge observed attacking adult beetles under field conditions, 
consumes only beetle abdomen and portions of meta- and mesothorax, leaving intact the 
beetle head and prothorax with attached elytra (Weber et al. 1994). In any case, we can 
conclude that a significant part of the beetle population remains in the vicinity of 
emergence sites, accumulating enough degree-days to initiate reproduction. These beetles 
are likely mate with each other, and then either move away, or stay near the place of their 
larval development. Since only Bacillus thuringiensis-resistmt larvae are able to survive 
and develop to adulthood on transgenic plants, there is a high probability that resistant 
beetles will mate to each other and leave homozygous resistant offspring. 
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Mating status has a pronounced effect on beetle flight activity, and this effect is 
expressed differently in males and females. Mated females fly less than unmated females. 
This is not unexpected, since both migration and reproduction are physiologically 
demanding for females; therefore, these two processes are known to interfere with each 
other in other insects (Rankin et al. 1986). However, we did not observe a complete 
cessation of flight in gravid females, a phenomenon described as “oogenesis-flight 
syndrome” for a number of insect species (Johnson 1969; Dingle 1985). Continuation of 
flight by reproductive females allows them to distribute their offspring in space, thus 
minimizing the risk of loss due to local catastrophic events (Solbreck 1978; Voss and 
Ferro 1990b). Nevertheless, decrease in female flight activity following mating is an 
important consideration for resistance management, since the probability that homozygous 
resistant alleles will be carried to other potato fields is diminished. Conversely, these 
females will oviposit within the fields of their origin, and we should expect an increase in 
the frequency of resistant alleles in local populations. 
Unlike mated females, mated males increase their flight activity, probably in an 
attempt to find other mates. Our results support a hypothesis proposed by Szentesi 
(1985), who suggested that male reproductive strategy in the Colorado potato beetle is 
directed towards maximizing the number of matings with different females. Similarly, 
Voss and Ferro (1990a) concluded that elevated local flight activity displayed by the males 
was connected to the search of mates. An obvious advantage of such a strategy for a male 
is an increased genetic diversity of its offspring (McCauley and Reilly 1984). From the 
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resistance development perspective, multiple matings at different locations are likely to 
promote gene flow between resistant and susceptible populations, and increase the number 
of individuals heterozygous for the resistant allele. 
A high dose/refugia strategy, currently recommended for resistance management in 
the Colorado potato beetle, is based on curtailment of mating between resistant individuals 
(Whalon and Ferro 1998). Since insecticide resistance is almost never completely 
dominant (Roush and Daly 1990), it is improbable that heterozygous progeny of resistant 
x susceptible crosses will survive high concentrations of the Cry3A toxin expressed in 
transgenic plants. Unfortunately, results of the present study indicate that there is a high 
probability of resistant beetles mating with each other before dispersing from the area of 
their larval development, thus compromising the proposed strategy (Gould 1998). 
Therefore, an overall success in managing beetle resistance might depend on our ability to 
enhance movement between resistant and susceptible beetle populations. This could be 
achieved through close integration of transgenic crops with non-transgenic refugia 
(Whalon and Ferro 1998) combined with early planting of non-transgenic plants. This 
way, at the time when resistant beetles emerge from the pupae, the main crop will be 
already colonized by the susceptible adults immigrating from refugia, and the probability 
of two resistant beetles mating with each other will be diminished. 
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Table 3.1. Colorado potato beetle oviposition as a function of physiological age at the 
time of mating. 
Age at mating (days) 
1 2 3 4 5 
Degree-days accumulated 0-17 17-34 34-51 51-68 65-85 
Percentage beetles laying fertile 
eggs 
0 0 75 70 80 
Mean number of degree-days 
accumulated before oviposition 
(SE) 
59.50 
(1.95) 
55.47 
(1.76) 
56.10 
(1.79) 
65.45 
(2.23) 
60.84 
(2.37) 
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CHAPTER 4 
SPERM PRECEDENCE IN COLORADO POTATO BEETLE 
Introduction 
Colorado potato beetle, Leptinotarsa decemlineata (Say), is the major defoliating 
insect pest of potato in North America (Weber and Ferro 1994). This species has a 
remarkable ability to develop resistance to a wide variety of insecticides, with some 
materials failing after only one year of application (Forgash 1985). Currently, the general 
approach to resistance management in Colorado potato beetle populations is to minimize 
beetle exposure to insecticides through the use of IPM practices such as crop rotation 
(Roush et al. 1990), refugia (Whalon and Ferro 1998), and proper timing of insecticide 
applications (Weber and Ferro 1994). Since insecticide resistance is almost never 
completely dominant (Roush and Daly 1990), individuals that are heterozygous for the 
resistant allele are likely to be eliminated by application of high insecticide doses. 
Therefore, successful Colorado potato beetle control depends on a sufficiently large 
proportion of resistant individuals mating to susceptible individuals. As a result, an 
understanding of beetle mating behavior is important for the management of this pest. 
Colorado potato beetle is a polygamous species, with both males and females 
copulating multiple times with different partners (Szentesi 1985). Furthermore, at least 
three matings are required to fill the female’s spermatheca completely, and multiple 
copulations increase female fertility (Boiteau 1988a). If a resistant female mates to a 
resistant male within the main crop, and then mates again with a susceptible male arriving 
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from a refugium, information on the proportion of that female’s offspring sired by the 
second mate is important for resistance management (Haubruge et al. 1997). Previous 
studies of polygamous Coleoptera have shown sperm precedence, with the last male to 
mate fathering the most offspring (Huettel et al. 1976, Eady and Tubman 1996). 
However, this precedence is almost never complete, and the sperm from earlier matings 
usually fertilize at least some of the offspring (Lindquist and House 1967, Vick et al. 
1972, Huettel et al. 1976, Eady and Tubman 1996). Using black and white color morphs, 
Boiteau (1988a) showed that when a Colorado potato beetle female mates to two different 
males, the sperm of the second male fertilizes 32-53% of the eggs. This is valuable 
information; however, Boiteau’s (1988a) choice of color morphs as a genetic marker 
required using highly inbred laboratory strains of non-allelic recessive mutants. 
Unfortunately, inbreeding is known to affect sperm precedence in some insects (Hughes 
1997). 
Phosphoglucomutase (Pgm) allozymes have been commonly used as markers in 
studies of insect population genetics (Dinardo-Miranda and Contel 1996, Owusu et al. 
1996) and sperm precedence in polygamous insects (Huettel et al. 1976, McCauley and 
O’Donell 1984). These allozymes are determined by codominant alleles, and are usually 
inherited in a simple Mendelian fashion (Huettel et al. 1976). Preliminary screening of the 
Colorado potato beetle population revealed two Pgm allozymes, which differed in relative 
speed of migration during cellulose acetate gel electrophoresis. In the present study, we 
attempted to confirm Boiteau’s (1988a) findings using wild-type Colorado potato beetles 
as test subjects, and Pgm allozymes as genetic markers. 
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Materials and Methods 
Beetle Maintenance and Sampling Procedures 
Teneral Colorado potato beetle adults were obtained from our laboratory colony. 
Colony origin and maintainance are described in Chapter 3. Throughout the experiment, 
all beetles were maintained at 16 : 8 (L : D) photoperiod. Pgm alleles carried by the 
individual adult beetles were determined by excising one middle leg and analyzing it by 
cellulose acetate gel electrophoresis (see below). Knowing exact Pgm alleles for each 
beetle prior to mating was instrumental in reducing the number of gels necessary for sperm 
precedence determination as described in the Discussion section of this chapter. After the 
operation, the beetles were isolated in separate ventilated plastic Nalgene® boxes (12x7 
x 5.5 cm) containing 1 cm of soil on the bottom. The containers were kept in an 
environmental chamber at 19°C for 24 h and then transferred to a 27°C environmental 
chamber. We used the lower temperature for 24 h to decrease the rate of beetle 
metabolism in an attempt to prevent possible excessive bleeding. At the end of 
experiment, the electrophoresis data collected for individuals from leg samples were 
verified by analyzing larger tissue samples (beetle heads and pronotae). 
Relative Fitness of Operated Beetles 
To determine if leg amputation deleteriously affected reproductive fitness, we 
compared fertility, fecundity, and survivorship of operated and intact beetles. Ovipostion 
of 25 operated and 25 intact mix-sex beetle pairs was monitored for two-weeks starting 
the day that the beetles emerged from the soil. Eggs were collected daily and incubated at 
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27°C until hatching. The numbers of beetles laying eggs, eggs laid by each beetle, and 
larvae that hatched from the laid eggs were recorded. Experimental data were analyzed 
using Student t-test (PROC TTEST, SAS Institute 1989). Survivorship was tested by 
placing 30 operated and 30 intact mixed-sex beetle pairs on caged potato plants in the 
greenhouse, where they were maintained at 23 ± 3°C. Number of beetles surviving after 1 
month was recorded. This experiment was repeated twice, with a total of 120 beetles per 
treatment tested. The data were pooled, and the proportion of surviving beetles was 
compared between the treatments using a chi-square test (PROC FREQ, SAS Institute 
1989). 
Allozvme Inheritance 
To determine if Pgm allozymes were inherited in a Mendelian fashion, eight 9-day- 
old beetles of each sex carrying known Pgm alleles were arranged into mixed-sex pairs to 
provide a number of different crosses involving both homo- and heterozygous individuals 
(Table 4.1). Each pair was placed for 24 h in a large Petri dish (14 x 2.5 cm) lined with 
moistened paper towels, provisioned with excised potato foliage, and kept under 25± 2°C. 
Preliminary observations revealed multiple matings performed by the beetles within a 24 h 
period under similar conditions. 
After mating, the males were stored at -80°C. Females were returned to 
Nalgene® containers kept at 27°C for oviposition. Egg masses were collected daily over 
a two-week period and incubated at 27°C until hatching. One-day-old larvae were placed 
on excised potato leaflets inserted in small vials containing tap water. The leaflets were 
50 
then placed inside ventilated Nalgene® containers lined with paper towels. Larvae were 
reared at 27°C until they reached late second - early third instar, when they were frozen at 
-80°C. Forty-eight progeny of each female were sampled at random from at least four 
different egg masses and analyzed using cellulose acetate gel electrophoresis. Chi-square 
goodness-of-fit tests were used to compare observed and expected (based on Mendelian 
inheritance) progeny ratios (PROC FREQ, SAS Institute 1989). 
Sperm Precedence 
Nine-day-old beetles were arranged according to their genetic markers into 15 
mating triplets, each consisting of two males with different Pgm alleles and one female. In 
each triplet, a male beetle was placed together with a female beetle for 24 h of mating, and 
then replaced for another 24 h by the second male. The mating beetles were kept in large 
Petri dishes lined with moistened paper towels and provisioned with excised potato 
foliage. Fifteen different triplet crosses involving both homo- and heterozygous males and 
females were performed (Table 4.2). No attempt was made to determine if actual 
copulation took place. However, our preliminary observations revealed multiple matings 
performed by the beetles under similar conditions. 
After mating to both males, female beetles were returned to their Nalgene® 
containers at 27°C for oviposition. Mated males were stored at -80°. Egg masses laid by 
the females were collected daily for one month. Collected eggs were incubated at 27 C 
until hatching. One-day-old larvae were placed on cut potato leaflets inserted in small 
vials with tap water inside ventilated Nalgene® lined with paper towels. 
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Larvae were reared at 27°C until they reached late second - early third instar, and 
then frozen at -80°C. We sampled at random 36 larvae from at least three different egg 
masses laid by each female during the first week after mating. An additional 12 larvae per 
week per female were sampled for the next three weeks of the experiment. All the 
sampled larvae were analyzed using allozyme acetate gel electrophoresis. A total of 70-72 
larvae was analyzed for each female. 
The number of offspring sired by one of the males in a triplet was calculated 
according to the Mendelian law of inheritance from the number of offspring carrying a 
Pgm allele unique to this male. The rest of larvae were assumed to be sired by the second 
male in the triplet. Chi-square goodness-of-fit tests (PROC FREQ, SAS Institute 1989) 
were used to compare observed and expected (based on Mendelian inheritance) progeny 
ratios. The null hypotheses was that both males in a triplet sire equal numbers of 
offspring. If the observed ratio was significantly different from the ratio expected 
assuming equal sperm mixing, we next tested the hypothesis of complete sperm 
precedence or absence of sperm precedence (depending on which male was 
heterozygous). Similarly, we used chi-square goodness-of-fit tests to investigate if there 
was a change in sperm utilization over time. The null hypothesis was that the proportion 
of offspring sired by each male did not change between the first and the following three 
weeks after mating. 
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Allozvme Gel Electrophoresis 
All tissue samples obtained during the study were homogenized in 20-40 |il 
(depending on the sample size) of distilled water and centrifuged for 6 minutes at 6,000 
rotations per minute. Eight p.1 of supernatant were transferred to applicator wells (Super 
Z-12 applicator kit, Helena Laboratories, Beaumont, TX) and then applied to cellulose 
acetate plates (Titan III, Helena Laboratories, Beaumont, TX) soaked for 30 min in L- 
buffer (6.06 g of Trizma base, 0.37 g ofNa2EDTA, 0.20 g of anhydrous MgCl2, and 2.32 
g of maleic acid dissolved in 1 liter of distilled water). Acetate plates were placed into a 
horizontal electrophoresis chamber (Zip Zone, Helena Laboratories, Beaumont, TX) and 
run for 1.5 h at 175 ± 3 volts using L-buffer as electrode buffer. The plates were then 
removed from the chamber and stained using a mixture of 1.0 ml Tris HC1 (pH=8), 2 ml of 
agar and the following water solutions: 1.5 ml NAD (2mg/ml), 5 drops MgCl2 (20 
mg/ml), 5 drops of Glucose-1-Phosphate (50 mg/ml), 5 drops of 3-[4,5-Dimethylthiazol- 
2-yl]-2,5-diphenyltetrazoliumbromide (10 mg/ml), 5 drops of Phenazine Methosulphate (2 
mg/ml), and 20 \x\ of Glucose-6-Phosphate Dehydrogenase (80 units/ml) (Hebert and 
Beaton 1993). 
Results 
Relative Fitness of Operated Beetles 
On average, intact females produced 185.68 eggs (SE=13.64) and 110.60 larvae 
(SE=8.70), while operated females produced 183.68 eggs (SE=13.84) and 126.68 larvae 
(SE=8.50). Leg excision had no significant effect on the number of eggs laid (Student t- 
test, df=48, t=0.1029, P=0.9184) or 1st instars produced (Student t-test, df=48, t=- 
1.2315, P=0.1926). Twenty-four percent of intact and 22% of operated beetles died over 
a one month period, a difference that was not statistically significant (chi-square test, 
X2=0.21,dfi=l,P=0.6450). 
Allozvme Inheritance 
Experimental results are shown in Table 4.1. All females produced viable 
offspring, and the ratio of larvae carrying different Pgm alleles did not differ significantly 
from that expected based on the Mendelian law of inheritance. 
Sperm Precedence 
Experimental results are shown in Table 4.2. A certain degree of sperm 
precedence (or sperm mixing) was observed for all females. On average, about 72% of 
the larvae were fathered by the second males, which produced more progeny in all but two 
triplets. There was no statistically significant difference between the observed offspring 
ratios and the ratios expected in the case of complete sperm precedence in 26.67% of the 
broods, indicating that all the larvae in those broods could have been sired by second 
males. At the same time, in 40% of the tested broods the proportion of progeny produced 
by the second male was not significantly different from 0.5. Except for one triplet, the 
degree of sperm precedence did not seem to change with time, since there were no 
significant differences in larval genotype ratios between the first and the following three 
weeks of oviposition (chi-square tests, P>0.05). In one triplet, (chi-square test, % -5.94, 
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dfr=l, P=0.0148), the second male fathered 2.7 times more larvae during the first week of 
oviposition than during the following three weeks. 
Discussion 
Pgm allozyme acetate gel electrophoresis proved to be an efficient technique for 
studying sperm precedence in the Colorado potato beetle. Excising one middle leg did not 
affect beetle survival or reproduction, and allowed us to determine Pgm genetic markers 
prior to mating. This information dramatically reduced the number of gels we had to 
analyze compared with that required had beetles taken from populations with different 
allozyme frequencies been mated, as suggested by Huettel et al. (1976). 
Results of the present study confirm the existence of incomplete sperm precedence 
in summer generation (long-day) Colorado potato beetles, with sperm from the second 
mating somewhat prevailing over sperm from the first mating. The proportion of larvae 
fathered by the second males in our study («72%) was higher than the proportion 
recorded by Boiteau (1988a) (32-53%). Nevertheless, the first mating still resulted in the 
production of a substantial number of offspring, with the proportion of larvae sired by the 
first males being approximately 2 times higher than similar proportions reported for other 
insects (Vick et al. 1972, Coffelt 1976, Huettel et al. 1976, Eady and Tubman 1996). 
There was considerable variation in sperm precedence among beetle triplets, with the 
second males fathering from 16.67 to 100% of the offspring. Variability in sperm 
precedence among the conspecific males is known to occur (Hughes 1997), and could be 
explained by genetic variation in the molecular mechanisms of sperm displacement (Clark 
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et al. 1995), different numbers of copulations secured by the first and second males 
(Boiteau 1988a, Clark et al. 1995), different numbers of sperm transferred by different 
males at a single copulation (Newport and Gromko 1984), and by unknown environmental 
influences and sampling errors (Hughes 1997). Each of these factors could account for 
the discrepancy between our results and those of Boiteau (1988a). Another contributing 
factor to the observed discrepancy could have been the difference in beetle strains used in 
the two discussed studies, since Boiteau (1988a) used as genetic markers black color 
mutants obtained from a laboratory strain originating from only two field-collected black 
females mated to wild-type males (Boiteau 1985), and inbreeding is known to have a 
detrimental effect on the second male sperm precedence (Hughes 1997). Despite the 
numerical differences, results of our study and the study by Boiteau (1988a) strongly 
support incomplete sperm precedence in the Colorado potato beetle. 
Together with the distribution of eggs in space and time (Solbreck 1978, Voss and 
Ferro 1990b) and mating to multiple partners (McCauley and Reilly 1984, Szentesi 1985), 
incomplete sperm precedence might be one of the components of an overall “bet-hedging” 
strategy employed by the Colorado potato beetle to maximize the number of surviving 
offspring. Mixing of different males’ sperm in female spermathecae will contribute to 
genetic variability of the resulting progeny, which can have important implications for the 
evolution of insecticide resistance in this species. 
Most of the currently recommended resistance management programs rely on the 
refugia/ high-dose strategy, promoting mating between resistant and susceptible insects 
and then exterminating heterozygous progeny of these crosses. This strategy provides a 
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significant delay in resistance development when the size of refugia is appropriate for 
maintaining a sufficiently large susceptible population, and their spatial location favors 
gene flow between resistant and susceptible populations (Gould 1998, Whalon and Ferro 
1998). However, Gould (1998) pointed out that the success of this approach is hindered 
by the Colorado potato beetle’s ability to mate in the vicinity of the place of its eclosion. 
He argued that such an ability will increase the probability of a resistant female mating 
with a resistant male and leaving at least some homozygous resistant offspring before 
mating to a susceptible male arriving from a refugium. Incomplete sperm precedence will 
further elevate the frequency of resistant homozygotes within beetle populations, since it 
means that a resistant female mated with a resistant male will continue producing some 
resistant offspring even after a subsequent mating with a susceptible male. Therefore, a 
successful resistance prevention program should be directed towards complete curtailment 
of mating between resistant individuals, a goal very hard to achieve under field conditions. 
Fortunately, insecticide resistance in the Colorado potato beetle is often linked to reduced 
fitness, including prolonged time of development (Argentine et al. 1989, Trisyono and 
Whalon 1997). Furthermore, the rate of development for surviving beetles is slowed by 
insecticide exposure (Ferro et al. 1997). As a result, when resistant beetles emerge from 
pupae, the main crop could be already colonized by susceptible adults immigrating from 
refugia, and the probability of two resistant beetles mating with each other is diminished. 
We suggest that depending on local conditions and developmental characteristics of 
resistant strains, this effect could be further enhanced by the early planting of refugia. 
Success of this approach will largely depend on a thorough understanding of dynamics of 
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resistant and susceptible populations within the main crops and refugia, and additional 
investigations are required before making any further conclusions. 
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Table 4.1. Inheritance of phosphoglucomutase (Pgm) allozymes in the Colorado potato 
beetle (a - slow migrating electromorph, b - fast migrating electromorph). 
Pair Male Female Progeny ratio 
Observed Expected P* 
1 aa ab 23 aa : 25ab 24aa: 24ab 0.8382 
2 bb ab 23ab : 25bb 24ab : 24bb 0.8382 
3 bb ab 19ab : 29bb 24ab : 24bb 0.3048 
4 ab bb 20ab : 28bb 24ab : 24bb 0.4126 
5 ab ab 12aa : 25ab : llbb 12aa : 24ab : 12bb 0.9686 
6 ab ab 19aa : 21ab : 8bb 12aa : 24ab : 12bb 0.2752 
7 bb aa 48ab 48ab — 
8 aa bb 48ab 48ab 
a p values for chi-square goodness-of-fit tests. The null hypothesis tested is that observed 
ratio of progenies fathered by each male is not different from the ratio expected in the case 
of Mendelian segregation of Pgm alleles. 
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CHAPTER 5 
COLORADO POTATO BEETLE FLIGHT BEHAVIOR AS AFFECTED BY 
BACILLUS JHURINGIENSIS CRY3 A TOXIN 
Introduction 
Colorado potato beetle, Leptinotarsa decemlineata (Say) is the most damaging 
insect defoliator of potatoes (Weber and Ferro 1994). The diverse and flexible life history 
of this insect, together with a remarkable ability to develop insecticide resistance, make it 
a very difficult pest to control. Currently, field populations of the Colorado potato beetle 
remain susceptible to insecticides based on the Bacillus thuringiensis (Berliner) subsp. 
tenebrionis Cry3A 5-endotoxin. However, both theoretical models (Gould 1988; Ferro 
1993) and laboratory selection experiments (Whalon et al. 1993; Rahardja and Whalon 
1995) indicate that there is a potential threat of the failure of the B. thuringiensis-bzsed 
materials, similar to the earlier failure of synthetic insecticides. With the widespread 
commercialization of transgenic potato plants that express persistently high doses of the 
Cry3 A toxin in foliage, selection pressure towards resistance development in beetle 
populations increases dramatically (Ferro 1993). Therefore, development of a sound 
resistance management strategy is essential to extend the useful life of transgenic potatoes. 
Movement, allowing for gene flow between genetically heterogeneous populations, 
is recognized as one of the key factors influencing resistance evolution in insects 
(Commins 1977; Tabashnik and Croft 1982; Tabashnik 1986). In general, the Colorado 
potato beetle is a highly mobile species, capable of moving both by flight and by walking 
(Weber and Ferro 1994). Under normal conditions, it can easily fly several kilometers at 
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an average speed of approximately 2 m/s (Weber et al. 1993). Walking results in dispersal 
over much shorter distances, because beetles are able to walk only several hundred meters 
at a maximum speed of 1 cm/s, with vegetation strongly retarding beetle movement (Ng 
and Lashomb 1983). Insecticide exposure is known to alter behavior of arthropods, 
including their locomotory activity (Lockwood et al. 1984; Sparks et al. 1989; Hoy et al. 
1998). In the Colorado potato beetle, larvae tended to move away from the leaves treated 
with high doses of the Cry3 A toxin (Hoy and Head 1995), and there was a positive 
correlation between behavioral sensitivity to the toxin and physiological resistance to it. 
Conversely, adult beetles decreased their movement in cages containing plants treated with 
B. thuringiensis (Whalon et al. 1993). Currently, little is known about the possible effects 
of exposure to the Cry3A toxin on beetle flight. Flight behavior of reproductive females is 
of a particular interest in the systems involving transgenic crops, since resistant females 
mated to resistant males will distribute homozygously resistant offspring within and among 
transgenic fields, and only resistant homozygotes are likely to survive high toxin 
concentrations expressed in transgenic foliage (Whalon and Ferro 1998). The present 
study had two major objectives: to determine possible effects of the Cry3A toxin on 
Colorado potato beetle flight behavior, and to determine if these effects varied for 
different beetle genotypes. 
Materials and Methods 
Beetle Families and Rearing Conditions 
During March 1996, approximately 200 overwintering Colorado potato beetle 
adults were collected from soil in potato plots at the Ohio Agricultural Research and 
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Development Center (OARDC) in Wooster, Ohio. Collected adults were brought to the 
greenhouse at OARDC, where they were held in moist, sterile sand at approximately 22°C 
and a 16:8 (L:D) photoperiod until diapause termination. The stems of freshly excised 
potato leaves were inserted into the moist sand to provide food for emerging beetles. 
After initiation of feeding, post-diapause adults were placed on potted potato plants in a 
rearing cage. 
Eggs laid by the post-diapause beetles were collected and reared to adults on 
potted potato plants in the same greenhouse. As the Fi adult offspring of the field 
collected adults emerged from the soil, they were sexed, and 53 beetle pairs were placed 
into individual cages for mating and oviposition. Throughout the chapter, mating pairs 
and their progeny are called “families”. Eggs collected from 21 families were shipped to 
the University of Massachusetts. Upon arrival, eggs were incubated in an environmental 
chamber at 27°C and 16:8 (L:D) photoperiod until they hatched. Neonates from each 
family were placed on at least three separate caged potato plants in the greenhouse (25-30 
larvae per plant) and allowed to complete development to adulthood at 24±2°C and a 16:8 
(L:D) photoperiod. Location of each plant within a greenhouse bench was selected at 
random. 
Adults were collected daily as they emerged from the soil and placed in cages for 
another 7 days. The beetles were fed fresh potato foliage, allowing for development of 
flight muscles and the reproductive system. Males and females from the same family 
which emerged within a 24-hour time period were kept together (but separately from the 
beetles from other families, as well as from their siblings which emerged at different times) 
and were allowed to mate. Separating beetles according to their emergence times ensured 
that all the beetles used were approximately of the same age. On the 8th day after 
emerging from the soil, female beetles were placed into individual Nalgene® containers 
(12 x 7 x 5.5 cm) lined with moistened paper towels, and fed freshly excised potato 
foliage. The foliage was kept fresh by inserting the stems into floral pics filled with water. 
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Experimental Protocol 
On the 9th day after emergence from the soil, the female beetles within each family 
were separated into three treatment groups. For the first treatment, beetles were fed for 3 
hours on transgenic foliage that expressed Cry3A toxin (NewLeaf® ‘Atlantic’, 
NatureMark, Boise, ID). The level of toxin expression in such foliage is very high, killing 
approximately 99% of exposed adults within a 15-day period (Perlak et al. 1993). 
Females from the second treatment were fed for 3 hours on regular non-transgenic foliage 
treated with 12.37 pg toxin/pl solution of Cry3 A 5-endotoxin (XTA-020, Novo Nordisk 
A/S, Bagsvaerd, Denmark). This toxin concentration is known to kill 95-100% of 2nd 
instar Colorado potato beetle larvae within 24 h after exposure (Ferro et al. 1997), but our 
observations showed this concentration to be sublethal for the adults. To obtain treated 
foliage, recently cut potato leaflets (cv. ‘Atlantic’) were dipped twice into a mixture of 
formulated product and water, and then allowed to air dry. Females from the control 
treatment were fed for 3 hours on untreated foliage. For all treatments, foliage was 
provided in the form of disks freshly excised from potato leaflets. Four disks were placed 
into each container. Each disk had a uniform area of 2.58 cm2. To encourage feeding, 
food was witheld from the beetles for 4 hours prior to providing them with leaf disks. 
Leaf area was measured after beetle feeding using a LiCor leaf area meter (Model LI- 
3000, Lincoln, NE). Disks which were fed upon by the beetles from the same families 
were measured together. 
All females were allowed to feed for a 3-hour time period. After that, they were 
placed on a flight mill for one hour. The flight mill system used in the present study was 
very similar to the system described by Weber et al. (1993). The only major difference 
was that we used a PC-DIO-96 interface board (National Instruments, Austin, TX) instead 
of the self-made interface board used by Weber et al. (1993). Since flight initiation in the 
Colorado potato beetle is strongly related to the ambient air temperature (Caprio and 
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Grafius 1990), the temperature inside the flight mill room was maintained at 25±2°C. The 
number of beetles that flew, duration of each flight, and the number of flights for each 
beetle were recorded. A total of 614 female beetles was tested during the experiment 
(206 beetles fed on transgenic foliage, 205 beetles fed on B. thuringiensis-treated foliage, 
and 203 beetles fed on untreated foliage). At least 22 females per family were tested, with 
at least 7 beetles per family exposed to each treatment (Table 5.1). 
Statistical Analysis 
ANOVA (PROC GLM, SAS Institute 1988), Chi-square tests, and Spearman rank 
correlations (PROC FREQ, SAS Institute 1988) were used for data analysis. In the 
analysis of variance, rank transformations were applied to the data in order to equalize 
variances among the treatments and normalize the data distribution (Conover and Iman 
1981). Means and regular errors were calculated from the non-transformed data only. 
Interaction terms were tested at ot= 0.1, rather than 0.05, so as to reduce the likelihood of 
missing a true interaction. Statistically, we elected to use a more generous Type I error 
criterion in order to increase our power to detect a true interaction should to exist. The 
level of significance for interaction terms was selected before the analysis was performed. 
When interaction terms were significant, we discuss family effects separately for each diet 
rather than averaged over the three diets. Non-flying beetles were excluded from the 
analysis of flight duration. 
Correlations for mean flight duration for the beetles within each family fed on 
different diets were calculated as the correlations of family means: 
l*m 
Cov(X, Y) 
[(Var(X)Var(Y)]' 
where X and Y represent mean durations of flights performed by the beetles belonging to 
the same family, but fed on different diets (Zangerl and Berenbaum 1990). To reduce 
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possible bias in the population estimates and test for nonzero parameters, jackknife 
procedures were performed using an inversed tangent transformation of correlation 
coefficients (Sokal and Rohlf 1981). Reported estimates were back transformed to the 
original scale. 
Results 
Beetles from all three treatments flew after being placed on the flight mill (32.04% 
of the beetles fed on transgenic foliage, 42.44% of the beetles fed on treated foliage, and 
51.72% of the beetles fed on regular foliage). The percentage of beetles flying was 
significantly different among treatments (Chi-square test, x2=8.21, df=2, P=0.0165), but 
not among families (Chi-square test, % =62.22, df=60, P=0.3970). Beetle diet had a 
highly significant effect on the number of flights performed by the beetles (ANOVA, 
F=6.52, df=2, 613, P=0.0016)(Table 5.1). Tukey pairwise comparisons showed that 
beetles fed on transgenic foliage engaged in fewer flights than beetles fed on regular 
foliage (P<0.05), while there were no differences between other treatments. Flight 
numbers varied among beetle families, but the difference was only marginally significant at 
a= 0.05 (ANOVA, F=1.57, df=20, 613, P=0.0553). The interaction between family and 
diet was statistically significant at a= 0.1 (ANOVA, F=1.39, df=40, 613, P=0.0583). 
When analyzed separately within each treatment, family effects were meaningful only for 
the beetles fed on treated foliage (Table 5.1). There was no correlation between the 
number of flights performed by beetles fed on one diet and the number of flights 
performed by beetles from the same family fed on a different diet (beetles fed on 
transgenic foliage x beetles fed on regular foliage, rm=0.0751, P=0.6790; beetles fed on 
transgenic foliage x beetles fed on treated foliage, rm=-0.0640, P=0.8321; beetles fed on 
regular foliage x beetles fed on treated foliage, rm=-0.2479, P=0.\102). 
Mean flight duration differed significantly among beetle families (ANOVA, 
F=1.77, df=20, 477, P=0.0211), but not among treatments (ANOVA, F=1.77, df=2. 
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477, P=0.1234). Interaction between family and diet was highly significant (ANOVA, 
F=1.74, df=40, 477, P=0.0048), with pronounced family effects observed for the beetles 
fed on regular and treated foliage (Table 5.1). There was a significant negative correlation 
within families between mean duration of flights of beetles fed on transgenic foliage and 
mean duration of flights of beetles fed on regular foliage (rm=-0.3731, P=0.020). In other 
words, the beetles with greater familiar predisposition to a higher flight activity were more 
adversely affected by ingestion of the Cry3 A toxin than the beetles with lower familiar 
predisposition to such activity. There was no correlation between mean flight duration 
and mean foliage consumption within beetle families (Spearman rank correlations, P>0.05) 
(Fig. 5.1). 
Discussion 
Ingestion of B. thuringiensis Cry3 A toxin had a detrimental effect on Colorado 
potato beetle flight behavior in the laboratory assay, reducing both the number of beetle 
flights and the proportion of beetles that flew. Different beetle families showed different 
responses to feeding on toxin-treated foliage, suggesting the presence of genetic and/or 
maternal effects. However, high toxin concentrations expressed in transgenic potatoes 
were detrimental to all the beetles regardless of their genetic composition. Our findings 
agree with the results of Whalon et al. (1993), who observed decreased movement among 
beetles on caged potato plants treated with Cry3A toxin. Similar effects of insecticide 
exposure were also recorded for several other insect species. Shanks and Chapman 
(1965) reported that green peach aphids, Myzuspersicae (Sulzer), remained longer on 
cucumber plants treated with parathion and phorate than on untreated cucumber plants. 
Hu et al. (1998) observed that female Mediterranean fruit flies, Ceratitis capitata 
(Wiedemann), exposed to imidacloprid performed only 14% as many flights as female flies 
from the untreated control. In the experiment of Boiteau et al. (1985), aldicarb reduced 
69 
flying ability of the green peach aphid and the potato aphid, Macrosiphum euphorbiae 
(Thomas). Similarly, European earwigs, Forficula auricularia L., remained close to the 
place of their release when exposed to diflubenzuron, but tended to move away from the 
untreated control sites (Sauphanor et al. 1993). A lack of escape response in the 
Colorado potato beetle is consistent with earlier findings that this species is incapable of 
gustatory detection of the B. thuringiensis Cry3 A toxin (Hoy and Hall 1993; Hoy and 
Head 1995), and that feeding on suboptimal host plants, which causes lower survival and 
fecundity, does not increase the beetle’s flight activity (Weber and Ferro 1996). 
The effect of the toxin on mean flight duration proved to be somewhat more 
complicated than its effect on the number of flights and the proportion of flying beetles. 
While ingestion of toxin did not make any difference alone, there was a significant 
interaction between diet and familial factors. Significant variation among the families fed 
on regular and treated foliage suggests the presence of genetic and/or maternal effects on 
flight duration, which are suppressed by feeding on transgenic potatoes. Furthermore, 
incorporation of the B. thuringiensis Cry3 A toxin into the diet seemed to reverse the 
inherent tendency to engage in long flights, and the families that performed the longest 
flights under normal conditions performed the shortest flights when fed on transgenic 
foliage. 
Limited dispersal in Colorado potato beetle facilitates development of resistance in 
individual populations (Grafius 1995). The present study was restricted to a laboratory 
assessment of a limited number of flight parameters, and a certain caution should be 
exercised when discussing its implications for resistance management in commercial 
potato fields. Nevertheless, Colorado potato beetle flight on a flight mill provides a useful 
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tool for comparing flight of Colorado potato beetles exposed to different treatments 
(Weber et al. 1993). Therefore, we believe that our findings could be useful in predicting 
possible developments within fields planted to transgenic potatoes. Suppression of beetle 
flight as a result of endotoxin ingestion could keep beetles within transgenic fields, 
increasing selection pressure towards development of physiological or biochemical 
resistance. However, our results also indicate that even high endotoxin doses expressed in 
transgenic potato plants allow for a fair amount of short-distance movement. Therefore, if 
a sufficiently large number of susceptible beetles is maintained in refugia adjacent to a 
transgenic crop, there could be significant gene flow between resistant and susceptible 
populations. Resistant and susceptible beetles mating with each other will leave offspring 
which are heterozygous at resistance loci. Since resistance to B. thuringiensis in the 
Colorado potato beetle is incompletely dominant (Rahardja and Whalon 1995), 
heterozygous individuals are unlikely to survive the high concentration of the Cry3 A toxin 
expressed in transgenic potatoes. 
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CHAPTER 6 
RELATIVE FITNESS OF THE COLORADO POTATO BEETLES RESISTANT AND 
SUSCEPTIBLE TO THE BACILLUS THURING1ENSIS CRY3A TOXIN 
Introduction 
Colorado potato beetle, Leptinotarsa decemlineata (Say), is the most important 
insect defoliator of potatoes. This species has a remarkable ability to develop resistance to 
virtually every chemical that has ever been used against it. The first instance of Colorado 
potato beetle resistance to synthetic organic pesticides was noted for DDT in 1952 
(Quinton 1955). Since then, this insect has become resistant to a wide range of 
insecticides, including arsenicals, organochlorines, carbamates, organophosphates, and 
pyrethroids (Forgash 1985; Ioannidis et al. 1991). Grafius (1997) estimated that losses 
due to beetle insecticide resistance in Michigan potato industry range between $230 and 
$270 per hectare. 
Currently, field populations of the Colorado potato beetle can be effectively 
controlled by insecticidal materials based on the Bacillus thuringiensis subsp. tenebrionis 
Cry3 A toxin. However, selection of a B. thuringiensis resistant strain under laboratory 
conditions (Whalon et al. 1993; Rahardja and Whalon 1995) indicated that there is a 
potential threat of the failure of B. thuringiensis-based materials, similar to the failure of 
synthetic insecticides. The probability of rapid resistance development could increase 
dramatically with increased persistence of these materials and their distribution within 
plants, a condition typical for transgenic plants (Ferro 1993). Gould (1988) and Ferro 
(1993) presented theoretical evidence that the Colorado potato beetle is likely to develop 
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resistance to transgenic plants expressing high levels of the delta-endotoxin within six 
generations if the use of these transgenic plants is mismanaged. Strategies proposed to 
delay evolution of resistance include provision of temporal and spatial refugia from 
exposure to toxins, thus minimizing insecticidal pressure on pest populations (McGaughey 
and Whalon 1992; Tabashnik 1994). If resistance development is associated with 
decreased fitness of resistant individuals, such an approach will promote reversion of the 
pest populations towards susceptibility until a stable equilibrium between resistant and 
susceptible genotypes is reached (Bauer 1995). 
Reduced relative fitness of resistant genotypes in insecticide-free environments is 
characteristic for many insect species. It has been widely documented both for strains 
resistant to synthetic insecticides (Ferrari and Georghiou 1981; Roush and Plapp 1982; 
Beeman and Nanis 1986), as well as for strains resistant to B. thuringiensis (Georghiou 
1981; Groeters et al. 1994). In the Colorado potato beetle, a fitness value (intrinsic rate 
of increase) for an azinphosmethyl-resistant strain was equal to 83% of a fitness value for 
a susceptible strain (Argentine et al. 1989). Furthermore, a fitness value for a strain 
resistant both to azinphosmethyl and permethrin was only 76% of a fitness value for a 
susceptible strain. Similarly, Colorado potato beetles resistant to B. thuringiensis had 
reduced fecundity and a shorter ovipositional periods, as well as a prolonged 3d larval 
stadia and lower weight gains at a larval stage (Trisyono and Whalon 1997). 
Except for the findings by Trisyono and Whalon (1997), little is known about other 
effects resistant alleles may have on the overall fitness of resistant Colorado potato beetle 
genotypes. Based on evidence accumulated by a number of authors, we suggest that 
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fitness will be determined by several major factors. First of all, resistant alleles may affect 
male ability to secure mating with a female (Rowland 1991; Groeters et al. 1993), 
especially since inter-male competition in the Colorado potato beetle is fairly severe, and 
often involves fierce male fighting over females (Szentesi 1985). Secondly, the growth 
potential of a resistant population could be negatively affected by reduced fecundity, 
survivorship, and time of development of resistant individuals (Tabashnik 1994). A good 
insight into this issue has been provided by Trisyono and Whalon (1997), but their 
experimental design did not allow for calculating intrinsic rates of increase of resistant and 
susceptible populations (Price 1975). Finally, resistant beetles need to survive inclement 
winter conditions (Goss and McKenzie 1996), which can kill as much as 60% of 
diapausing adults in the field (Milner et al. 1992). 
In the present study, we investigated relative fitness of Colorado potato beetles 
resistant to B. thuringiensis based on the suggested above criteria, and discuss possible 
implications for resistance management in commercial potato fields. 
Materials and Methods 
Beetle Strains 
Colorado potato beetle populations physiologically resistant and susceptible to the 
Cry3 A toxin were obtained from laboratory colonies maintained at Michigan State 
University (Whalon, Pesticide Research Center, Michigan State University, East Lansing, 
MI 48824). The procedure for their selection and maintenance was described by Whalon 
et al. (1993). At the time of this experiment, these beetles were approximately 700 fold 
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resistant to the Cry3A toxin (DiCosty and Whalon 1997). Because of their availability at 
the time of the experiment, susceptible beetles used for comparing male sexual 
competitiveness were obtained from the colony currently maintained in our laboratory. 
Genetic variability among the U.S. Colorado potato beetle population is low (Jacobson 
and Hsiao 1983; Zehnder et al. 1992), and the colonies in Michigan and Massachusetts 
were maintained under very similar conditions. The beetles from the Michigan strains 
were shipped as eggs and reared to adults on potted potato plants in wooden frame cages 
(75 x 50 x 65 cm) in a rearing room maintained at 23 ± 3°C. 
Sexual Competitiveness of Resistant Males 
Eight one-week old unmated resistant females were placed into separate Petri 
dishes lined with moistened paper towels. Our observations were limited to resistant 
females because we were interested in the probability of their producing homozygously 
resistant offspring, potentially capable of survivng high doses of the Cry3A toxin 
expressed in transgenic plants. One resistant and one susceptible male were introduced 
into each dish. Both males were marked using the technique described by Unruh and 
Chauvin (1993). The beetles were provided with excised potato foliage and kept under a 
long-day photoperiod of 16 : 8 (L : D). Mating behavior was considered to be comprised 
of three major elements: male mounting of a female before copulation, copulation 
(adeagus intromission), and postcopulatory female guarding (male remaining to be 
mounted on a female after adeagus withdrawal). The beetles were continuously 
monitored during the 16-hour light period, and the number of mountings, copulations, and 
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postcopulatory guardings performed by resistant and susceptible males was recorded. The 
experiment was replicated three times, with a total of 24 males from each strain tested. 
The data was used to construct ethograms of the beetle mating behavior showing 
conditional probabilities of transitions between mounting, copulation, and guarding 
(Sustare 1978). 
Fecundity and Mortality 
Thirty pairs of virgin teneral adults were taken from the resistant population and 
another 30 pairs were taken from the susceptible population. The beetles were placed into 
ventilated plastic Nalgene® containers (1 male and 1 female per container) and provided 
with excised potato trifoliates placed in floral pics filled with tap water. The number of 
beetles laying eggs, number of eggs laid by each beetle, number of larvae that hatched 
from laid eggs, and beetle mortality were recorded daily for 30 days. During the 
experiment, all beetles were kept in an environmental chamber maintained at 27°C and 
long-day conditions 16 : 8 (L : D). 
Egg-to-Adult Survivorship and Time of Development 
Over 2,000 eggs laid by resistant and susceptible beetles within a 24-hour period 
were collected (1080 eggs laid by susceptible beetles and 1045 eggs laid by resistant 
beetles). All eggs were incubated in an environmental chamber at 19° C and long-day 
conditions 16 : 8 (L : D) for 6 days. On the 7th day, potato leaves with hatching eggs 
attached to them were stapled to caged potato plants (»75 eggs per plant). The larvae 
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were maintained on potato plants at 23 ± 3°C under long-day conditions 16 : 8 (L : D) 
until they developed into adults. The number of adults and the time of their emergence 
from the soil was recorded. 
Intrinsic Rate of Population Increase 
The net replacement rate, or the number of daughters that replace an average 
female over a course of a generation (Birch 1948), was calculated for resistant and 
susceptible populations. Mean number of progeny produced by an average female was 
calculated as mean number of eggs produced by an average female multiplied by a fraction 
of eggs giving rise to reproductive adults. Since some females did not lay any eggs, mean 
number of progeny was adjusted by multiplying the mean number of eggs laid by an 
average egg-laying female by the fraction of egg-laying females. Fraction of eggs giving 
rise to reproductive adults was calculated as a product of fraction of fertile eggs, fraction 
of eclosing adults, and fraction of eclosed adults surviving to reproductive maturity. 
Colorado potato beetles have a 50 : 50 sex ratio (A. V. A. unpublished); therefore, in 
order to limit our results to female progeny only, the mean number of progeny produced 
by an average female obtained from the described above calculations was divided by 2. 
Mathematically, the formula used for calculating the net replacement rate (Ro) in the 
present study could be written as follows: 
m x n X le X la X lr , 
Ro=-, where 
m — fraction of egg-laying females; 
n — mean number of eggs per female; 
le — fraction of fertile eggs; 
la -- fraction of eclosing adults; 
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lr — fraction of eclosed adults surviving to reproductive maturity; 
2 — sex ratio coefficient. 
Net replacement rate values were used to calculate intrinsic rates of population 
increase (Birch 1948): 
InRo 
T- ti + t2, where 
T — total developmental time; 
ti — mean number of days from egg to adult eclosion; 
t2 -- mean number of days from adult eclosion to oviposition initiation. 
Overwintering Survivorship of Adults 
Diapause was induced in resistant and susceptible beetles by exposing them to a 
short-day 8 : 16 (L : D) photoperiod. Resistant (105) and susceptible (117) diapausing 
beetles were sifted from the soil and placed into plastic 24 x 14 x 11 cm Rubbermaid® 
boxes filled with heat-sterilized soil. The beetles were evenly distributed within the soil 
and stored for 8 months in a dark cold room at 4°C. At the beginning of the 9th month, 
the boxes were moved to an environmental chamber, where they were maintained at 27°C 
and 16 : 8 (L : D) photoperiod. Emergence of post-diapause beetles was checked daily, 
and emerging beetles were removed from the containers. 
Statistical Analysis 
Normality of collected data was tested by the Wilk-Shapiro test at 0.05 level of 
significance (PROC UNIVARIATE, SAS Institute, 1989). Data that did not follow a 
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normal distribution were analyzed using Mann-Whitney rank sum test (PROC 
NPAR1WAY, SAS Institute, 1989). Normally distributed data were further tested by an 
F-test for equality of variances at 0.05 level of significance, and then analyzed by an 
appropriate Student t-test (PROC TTEST, SAS Institute, 1989). Differences between 
proportions and transition probabilities were estimated using Chi-square tests (PROC 
FREQ, SAS Institute, 1989). 
Results 
Sexual Competitiveness of Resistant Males 
Ethograms for mating behaviors of resistant and susceptible beetles are shown in 
Fig. 6.1. During a 16-hour light period in a single day, one resistant male mounted a 
resistant female on average 11.79 times (SE=1.45), and one susceptible male mounted a 
resistant female on average 12.58 times (SE=1.43). The number of mountings was not 
significantly different between the strains (Mann-Whitney rank sum test, d.f =46, 
U=260.5, P=0.5777). However, the number of actual copulations was highly reduced for 
resistant males (Mann-Whitney rank sum test, d.f. =46, U=158.0, P=0.0076). Susceptible 
males on average copulated 13.33 times (SE=1.53), and resistant males copulated only 8.0 
times (SE=0.99). The probability of a successful transition from mounting to a copulation 
was significantly lower for resistant males when compared to susceptible males (Chi- 
square test, x2=21.70, d.f=1, P=0.0001). Furthermore, resistant males guarding a female 
following copulation had a lower probability of repeating the copulation before 
dismounting the female (Chi-square test, y?=525, d.f.=1, P=0.0219). 
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Fecundity 
Ninety percent of susceptible and 86.67% of resistant females laid fertile eggs 
during the experiment. There was no significant difference in percentage of fertile females 
between resistant and susceptible strains (Chi-square test, x2=0.01, d.f.=l, P=0.9203). 
Resistant beetles required on average 5.73 days (SE=0.19) to pass from the moment of 
their emergence from the soil to the moment of oviposition initiation, while susceptible 
beetles required on average 6.56 days (SE=0.16)(Fig. 6.2). The difference between the 
strains was highly significant (Student t-test, t=-3.32, d.f.=51, P=0.0017). 
Susceptible females produced significantly more eggs (Student t-test for the 
samples with unequal variances, t=-4.07, d.f.=46.4, P=0.0002) and larvae (Student t-test 
for the samples with unequal variances, t=-3.62, d.f.=45.4, P=0.0007) when compared 
with resistant females (Table 6.1). Proportion of fertile eggs did not differ between the 
strains (Chi-square test, %2=0.22, d.f=1, P=0.6418). 
Egg-to-Adult Survivorship and Time of Development 
The process of development from egg to adult took on average 35.20 days 
(SE=0.13) for resistant beetles, and 33.68 days (SE=0.11) for susceptible beetles (Fig. 
6.3). The difference was highly statistically significant (Student t-test for the samples with 
unequal variances, t=8.93, d.f.=832, P=0.0001). The proportion of the beetles surviving 
to adulthood, however, was higher for the resistant beetles (42.49% vs. 35.28%; Chi- 
square test, %2=5.12, d.f=1, P=0.0236). Similar percentage of newly eclosed adults 
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survived to reproductive maturity in resistant (8.3 ± 5.0%) and susceptible (11.7 ± 5.9%) 
strains (Chi-square test, x2=0.37, d.f.=l, P=0.5428). 
Intrinsic Rate of Population Increase 
Resistant females produced almost 25% less daughters than did susceptible females 
(Table 6.2). Furthermore, their development to reproductive maturity took 0.69 days 
longer when compared with susceptible beetles. As a result, there was an overall 
reduction in the intrinsic rate of increase of the resistant population (Table 6.2). 
Mortality of Reproductive Adults 
Relatively few reproductive adults died during the experiment (3.9 ± 3.7% of 
resistant beetles and 4.1 ± 3.8% of susceptible beetles), with the mortality being very 
similar for both strains (x2=0.29, df=l, P=0.5912). However, significantly more resistant 
beetles (76.2 ± 4.1%) than susceptible beetles (48.7 ± 4.6%) died during diapause 
(X2=8.05, df=l, P=0.0045). Before emerging from the soil, resistant beetles accumulated 
on average 114.92 ± 6.3 DD, and susceptible beetles accumulated on average 114.75 ± 
5.4 DD. The difference between the strains was not significant (C/=814.50, df=83, 
P=0.5371). 
Discussion 
Reduced number of copulations performed by males, reduced population growth 
rate, and increased overwintering mortality clearly indicate that relative fitness of resistant 
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individuals is significantly reduced in the absence of B. thuringiensis in the environment. 
Pleiotropic effects of insecticide resistance genes, similar to effects observed in the present 
study, have been described for a number of insect species. Resistant males obtained 
significantly fewer matings than susceptible males both in the B. thuringiensis-resistant 
diamondback moth, Plutella xylostella (L.) (Groeters et al. 1993), as well as in 
HCN/dieldrin-resistant mosquito, Anopheles gambiae Giles (Rowland 1991). Similarly, 
pyrethroid-resistant males of the tobacco budworm, Heliothis virescens (F.) were less 
attracted to female pheromone than were susceptible males (Campanhola et al. 1991). 
Argentine et al. (1989) reported reduced intrinsic rates of population increase for 
azinphosmethyl and azinphosmethyl/permethrin-resistant Colorado potato beetle strains, 
while Shuffan et al. (1997) observed a similar effect for organophosphate-resistant 
greenbugs, Schizaphis graminum (Rondani). McKensie (1990, 1994) recorded increased 
overwintering mortality in dieldrin and diazinon-resistant sheep blowflies, Lucilia cuprina 
(Wiedemann). 
Since resistant Colorado potato beetle genotypes are less fit in the absence of B. 
thuringiensis endotoxin, relaxation of selection pressure is likely to favor the population 
reversion to susceptibility (Tabashnik 1994; Bauer 1995). Indeed, Rahardja and Whalon 
(1995) reported that under laboratory conditions Colorado potato beetle resistance ratio 
decreased from 200 to 48-fold in 12 generations without selection. In the field, superior 
mating success of susceptible males, coupled with the lower reproductive output of 
resistant females, is likely to result in an increase of overall frequency of heterozygotes and 
susceptible homozygotes in the population. Therefore, resistance management techniques 
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that allow for the existence of a sufficiently large susceptible population, such as refugia 
and pesticide rotations, should be expected to delay resistance development in this pest. 
Increased overwintering mortality of resistant beetles is another important 
argument in favor of the low selection pressure approach. The majority of overwintering 
beetles aggregate in woody areas adjacent to fields where they have spent the previous 
summer (Weber and Ferro 1993), and our observations described in Chapter 2 have 
shown that post-diapause beetles mate within or near overwintering sites in the spring. 
Therefore, it is likely that a surviving post-diapause resistant female will mate in the spring 
with a susceptible male, especially since susceptible males will also secure more matings 
per capita than surviving resistant males. As a result, we should expect an even further 
decrease in the frequency of resistant homozygotes in post-diapause beetle populations. 
Such a conclusion is supported by the findings of Goss and McKenzie (1996), who used a 
mathematical model to show that if there is strong overwintering selection against 
resistance, its evolution will be slowed when part of the population is left in refugia from 
insecticide exposure. 
Since no resistance to the Cry3 A toxin has been detected in the field, the present 
study had to be limited to laboratory studies with the artificially selected beetle strains. 
Therefore, it is not clear to what extent our findings will apply to the future developments 
under more complex field conditions. Careful monitoring of field beetle populations for 
signs of resistance, and investigations of relative fitness of field-selected resistant strains 
will be essential for an implementation of a successful resistance management program. 
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Table 6.1. Fecundity of Colorado potato beetles resistant and susceptible to Bacillus 
thuringiensis subsp. tenebrionis Cry3A toxin. Numbers in the same column followed by 
the same letter are not significantly different from each other. 
Strain N Eggs Laid Larvae Hatch Percent Eggs 
Mean SE Mean SE Fertile 
Resistant 30 484.65a 48.03 334.88a 39.71 69.10a 
Susceptible 30 824.25b 68.11 590.92b 58.53 71.69a 
Table 6.2. Net replacement rates and intrinsic rates of increase of Colorado potato beetle 
populations resistant and susceptible to Bacillus thuringiensis subsp. tenebrionis Cry3A 
toxin (Ro - net replacement rate, T - total developmental time, rm - intrinsic rate of 
population increase). 
Strain Ro T I"m 
Resistant 84.95 40.93 0.1085 
Susceptible 111.31 40.24 0.1171 
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Figure 6.2. Pre-ovipositional periods for Colorado potato beetles resistant and susceptible 
to Bacillus thuringiensis subsp. tenebrionis Cry3 A toxin. 
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Figure 6.3. Time of development from egg to adult for Colorado potato beetles resistant 
and susceptible to Bacillus thuringiensis subsp. tenebrionis Cry3A toxin. 
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CHAPTER 7 
MODIFICATIONS IN DISPERSAL AND REPRODUCTIVE BEHAVIOR OF BT- 
RESISTANT AND BT-SUSCEPTIBLE COLORADO POTATO BEETLES 
(COLEOPTERA: CHRYSOMELIDAE) AS A RESULT OF EXPOSURE TO 
BACILLUS THURINGIENSIS CRY3A TOXIN 
Introduction 
Colorado potato beetle, Leptinotarsa decemlineata (Say), is one of the most 
important insect pests of potatoes (Weber and Ferro 1994). In addition to its high 
fecundity and impressive feeding rate, this insect is notorious for its ability to develop 
insecticide resistance. Since the first case of DDT resistance reported in 1952 (Quinton 
1955), the Colorado potato beetle has become resistant to a wide range of insecticides, 
including the arsenicals, organochlorines, carbamates, organophosphates, and pyrethroids 
(Forgash 1985; Ioannidis et al. 1991). In some cases, a new insecticide failed after one 
year (e.g., endrin), and even during the first year of use (e.g., oxamyl) (Forgash 1985). 
Currently, field populations of the Colorado potato beetle can still be effectively 
controlled by insecticidal materials based on the Bacillus thuringiensis (Berliner) subsp. 
tenebrionis Cry3A toxin (Ferro et al. 1997). However, with the commercialization of 
transgenic potato plants, which express persistently high doses of the Cry3A toxin in their 
foliage, selection pressure towards resistance development in the beetle populations has 
dramatically increased (Ferro 1993). Therefore, there is a serious potential threat of the 
failure of B. thuringiensis-based materials, similar to the earlier failure of synthetic 
insecticides. The first instance of resistance by the Colorado potato beetle to B. 
thuringiensis was reported by Whalon et al. (1993), who observed a 59-fold resistance in 
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larvae after 12 generations of laboratory selection. Further selection led to an almost 
2,000-fold increase in the resistance ratio relative to susceptible individuals (Wierenga et 
al. 1996), and at the present time resistant beetles are capable of surviving on transgenic 
plants for at least two generations (Whalon and Ferro 1998). Gould (1988) and Ferro 
(1993) presented theoretical evidence that if the use of transgenic plants is mismanaged, 
resistance in field populations of Colorado potato beetle might develop within 6 
generations. In a more recent article, Gould et al. (1994) suggested that evolution of 
resistance to a high dose of toxin expressed by transgenic plants is possible within 10 
generations, but only if a resistant allele is incompletely dominant. However, incomplete 
dominance of resistant alleles is commonly observed in a number of insect species (Roush 
and Daly 1993), including a laboratory-selected strain of the Colorado potato beetle 
resistant to B. thuringiensis (Rahardja and Whalon 1995). Therefore, there is a real 
possibility of a rapid resistance development within field populations of Colorado potato 
beetle. 
Effects of transgenic potatoes on Colorado potato beetle movement has been 
identified as one of the important factors affecting overall resistance development in this 
insect (Wierenga et al. 1996). In general, the Colorado potato beetle is a highly mobile 
species, capable of moving both by flight and by walking (Weber and Ferro 1994). Newly 
eclosed adults require feeding for approximately one week to complete the development 
of flight muscles and reproductive system (Levinson et al. 1979; Yang 1994), and then can 
easily fly over a distance of several kilometers (Weber and Ferro 1996). However, the 
beetle’s locomotory activity is known to be altered by exposure to the Cry3A toxin. 
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Whalon et al. (1993) observed decreased movement of adult beetles in cages with plants 
treated with a formulated product containing the Cry3A toxin. Similarly, our results 
reported in Chapter 5 indicate that feeding on transgenic foliage had a strong negative 
effect on the proportion of beetles that flew, as well as on the number of flights performed 
by an average flying beetle. Observed changes in locomotory activity might differ between 
resistant and susceptible beetles. In the experiment of Whalon et al. (1993), a higher 
concentration of the toxin arrested movement in both strains, but a lower concentration 
arrested movement only of susceptible beetles. Also, Hoy and Head (1995) found a 
negative correlation between movement of Colorado potato beetle larvae fed on Cry3A 
toxin and their physiological susceptibility to the toxin. Currently, nothing is known about 
the flight behavior of resistant beetles and its relation to beetle feeding on transgenic 
potato foliage. Flight behavior of reproductive females will be of particular interest in a 
system of transgenic crops, since only resistant homozygotes are likely to survive high 
toxin concentrations expressed in transgenic foliage. Therefore, resistant females mated to 
resistant males and engaging in local and migratory flight could distribute homozygously 
resistant offspring within and between transgenic fields (Whalon and Ferro 1998). The 
major objective of the present study is to determine effect of feeding on transgenic foliage 
on flight and opposition of resistant and susceptible beetles. 
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Materials and Methods 
Beetle Strains and Rearing Conditions 
Colorado potato beetle populations physiologically resistant and susceptible to the 
Cry3 A toxin were obtained from laboratory colonies maintained at Michigan State 
University (Whalon, Pesticide Research Center, Michigan State University, East Lansing, 
MI 48824). The procedure for their selection and maintenance was described by Whalon 
et al. (1993). At the time of this experiment, these beetles were approximately 700 fold 
resistant to the Cry3A toxin (DiCosty and Whalon 1997). Beetles were shipped as eggs 
and reared to adults on caged non-transgenic potato plants in our laboratory. Teneral 
adults from both strains were collected within 24 hours after emergence from the soil and 
placed in wooden frame cages (75 x 50 x 65 cm) in a greenhouse. Two-thirds of the 
beetles from both strains were provided with potted non-transgenic potato plants, 
Solarium tuberosum L. (cultivar ‘Atlantic’) for 6 days, while the remaining one-third of the 
beetles was provided with transgenic potato plants (NewLeaf® cultivar ‘Atlantic’, 
NatureMark, Boise, Idaho). 
On the 7th day after emergence from the soil, the beetles were placed into 
ventilated Nalgene® containers (1 male and 1 female per container) with 1 cm layer of 
sterilized soil on the bottom. Containers were maintained at 25±2°C and 16 : 8 (L : D) 
photoperiod. All beetles that fed on transgenic plants during the first 6 days after 
emergence continued to be provided with transgenic foliage. Half of the beetles that fed 
on regular non-transgenic foliage during the first 6 days were also provided with 
transgenic foliage, while the other half were provided with regular foliage. The beetles 
were maintained on respective types of foliage until the end of experiment. All foliage was 
furnished in the form of freshly excised potato leaflets inserted into floral pics with tap 
water and replaced at the first signs of senescence. This experimental design tests for 
influence of 3 different diets (transgenic potatoes, regular potatoes, and regular potatoes 
followed by transgenic potatoes) on resistant and susceptible beetles. Continuous feeding 
on transgenic foliage simulated a situation where beetles emerge into a field planted 
exclusively with transgenic potatoes, while a switch from regular to transgenic foliage 
simulated a situation of a mixed field (seed mix, or transgenic crop and refugia), where 
beetles developing on regular potatoes deplete their food supply and are forced to move 
onto transgenic plants. The beetles continuously fed on regular foliage were used as a 
control. 
Beetle Mortality 
The number of beetles dying before flight muscle development and before full 
reproductive maturity (i.e. during the first week after emerging from the soil), as well as 
the number of reproductive beetles dying during the second two weeks after emergence 
from the soil were recorded for each strain/diet combination. Experimental data were 
analyzed using Chi-square tests (PROC FREQ, SAS Institute, 1989). 
Flight Mill Experiments 
After feeding for the first 24 hours on clipped foliage, 8-day-old females from all 
treatments were placed on a flight mill for 1 hour every other day over a 15-day period. 
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The flight mill system was similar to the system described by Weber et al. (1993). The 
only major difference was that we used a PC-DIO-96 interface board (National 
Instruments, Austin, TX) instead of a self-made interface board used by Weber et al. 
(1993), which allowed us to increase overall system reliability. The number of beetles that 
flew, duration of each flight, number of flights performed by each beetle, and beetle age at 
first flight were recorded. After spending time on the flight mill, all beetles were returned 
to their containers. A total of 32 females per strain per treatment was flown. Females 
dying during the flight mill experiment were not replaced. All females surviving until the 
end of the experiment were flown the same number of times. Our initial experimental 
design was a 2-way factorial model that compared effects of 3 diets and 2 strains on the 
flight behavior for a total of six beetle groups. However, since continuous feeding 
exclusively on transgenic foliage prevented the development of flight muscles by 
susceptible beetles (see below), only 5 groups were available for comparison. 
Accordingly, overall differences were assessed for statistical significance using a 1-way 
analysis of variance (PROC GLM, SAS Institute, 1989). This was followed by the 
following 4 orthogonal multiple contrasts that were of a priori interest (Zar 1996): (1) all 
resistant beetles vs. all susceptible beetles; (2) susceptible beetles fed on regular then on 
transgenic foliage vs. susceptible beetles fed on regular foliage only; (3) all resistant 
beetles fed on transgenic foliage vs. resistant beetles fed on regular foliage only; and (4) 
resistant beetles fed on transgenic foliage only vs. resistant beetles fed on regular then on 
transgenic foliage. Since we were interested in quantifying an overall flight behavior of 
the beetles exposed to a particular treatment, the beetles from the 5 tested strain/diet 
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combinations which performed 0 flights during the experiment were included in the 
analysis. Flight mill data were transformed using rank transformations (Conover and Iman 
1981) in order to equalize variances among the treatments and normalize the data 
distribution. Means and standard errors reported were calculated from the non- 
transformed data only. Proportions of flying beetles were analyzed using Chi-square tests 
(PROC FREQ, SAS Institute, 1989). 
Flight Muscle Development 
Ten randomly selected female beetles were collected from each strain/diet and 
stored in 75% alcohol. Collected beetles were dissected dorso-ventrally across the middle 
of the metathorax, and the area of longitudinal dorsal flight muscle cross section was 
measured under a dissecting scope. The experiment was repeated for one- and three- 
week-old beetles. Experimental data were analyzed using ANOVA (PROC GLM, SAS 
Institute, 1989), with beetle strain, diet, and age considered to be the main effects. 
Beetle Fecundity 
Eggs laid by beetles were collected every other day beginning the second week 
after beetle emergence from the soil. The number of eggs laid by each female and the 
number of egg-laying females were recorded for each strain/diet combination. Since 
susceptible beetles continuously fed on transgenic foliage from the moment of their 
eclosion from pupae remained oostatic (see below), statistical analysis of beetle fecundity 
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was very similar to the described above analysis of beetle flight. Beetles from the 5 tested 
strain/diet combinations which laid 0 eggs were included in the analysis. 
Results 
Beetle Mortality 
There was a highly statistically significant difference among strains/diets in the 
mortality of teneral beetles (Chi-square test, d.f.=5, x2=236.12, P=0.0001), with the 
highest mortality recorded for the susceptible beetles continuously fed on transgenic 
foliage from the first day after emergence from the soil. For reproductive beetles, 
mortality was detected only for the susceptible strain fed on transgenic foliage (Table 7.1). 
Similar to teneral beetles, fewer reproductive beetles died when they were allowed to feed 
on regular foliage prior to feeding on transgenic foliage (Chi-square test, d.f=1, x2=23.36, 
P=0.0001). 
Flight Behavior 
Susceptible beetles continuously fed on transgenic foliage did not fly after being 
placed on the flight mill (Table 7.1), while other beetles displayed at least some flight 
activity. Percentage of beetles flying was statistically different among the remaining 
strains/diets (Chi-square test, d.f.=4, x2=32.56, P=0.0001), with the lowest proportion of 
beetles flying being recorded for resistant beetles fed on regular foliage (Table 7.1). When 
resistant beetles fed on regular foliage were dropped from the analysis, the difference 
among the remaining strains/treatments became insignificant (Chi-square test, d.f.=3, 
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X2=4.59, jP=0.2047). Mean age at which beetles started to fly differed significantly among 
strain/diet combinations (ANOVA, d.f =4, 133, F= 5.05, P=0.0008)(Table 7.2), and was 
dependent both on beetle strain and diet (Table 7.2). 
There was a highly significant difference in the number of flights performed by 
resistant and susceptible beetles fed on different diets (ANOVA, d.f. =4, 155, F= 4.36, 
7>=0.023)(Table 7.3). Overall, resistant beetles engaged in fewer flights than susceptible 
beetles. However, the two strains had a totally different response to feeding on transgenic 
foliage. In resistant beetles, ingestion of the Cry3 A toxin increased the number of flights 
for both treatments fed on transgenic foliage. In susceptible beetles, continuous feeding 
on transgenic foliage arrested development of flight muscles (thus preventing the beetles 
from flying), while the dietary switch did not cause any effect at all (Table 7.3). Mean 
flight duration was not significantly different among treatments (ANOVA, d.f. =4, 430, F= 
1.45, .P=0.2143), and its overall value was equal to 198.12 seconds (SE=18.19). 
Flight Muscle Development 
Flight muscle development was significantly affected by both beetle strain 
(ANOVA, d.f=l, 117, F= 21.72, P=0.0001) and diet (ANOVA, d.f. =3, 117, F= 63.73, 
P=0.0001). The strain/diet interaction was also highly significant (ANOVA, d.f. =2, 117, 
F= 18.12, P=0.0001). Susceptible beetles continuously fed on transgenic foliage had the 
smallest flight muscles (Table 7.4). The second smallest muscle size was recorded for 
resistant beetles continuously fed on transgenic foliage; however, their flight muscles were 
approximately 3 times larger than flight muscles of susceptible beetles continuously fed on 
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transgenic foliage. When the beetles continuously fed on regular foliage, flight muscle size 
was very similar for both strains. There was no statistically significant increase in the 
muscle size between day 7 and day 21 after beetle emergence from the soil (ANOVA, 
d.f.=l, 117, F= 0.39, />=0.5326)(Table 7.4). 
Beetle Fecundity 
Susceptible beetles continuously fed on transgenic foliage were oostatic, while 
beetles from all other strain/diet combinations laid eggs. Percentage of egg-laying females 
was statistically different among strains/treatments (Chi-square test, d.f.=4, % =130.78, 
P=0.0001) (Table 7.1), and so was the mean number of eggs laid per female (ANOVA, 
d.f.=4, 155, F= 42.77, P=0.0001) (Table 7.5). Overall, resistant beetles produced fewer 
eggs than susceptible beetles, but the difference was only marginally significant (Table 
7.5). Feeding on transgenic foliage reduced the mean number of eggs laid by both 
resistant and susceptible females, and the effect was more detrimental when feeding 
started immediately after beetle emergence from the soil (Table 7.5). 
Discussion 
Feeding on transgenic foliage has a pronounced physiological and behavioral 
influence on Colorado potato beetle flight and oviposition. Susceptible beetles which 
emerge from pupae into purely transgenic potato stands suffer heavy mortality, do not 
develop flight muscles, and do not produce any eggs. Resistant beetles emerging into 
transgenic stands are less affected by toxin ingestion. They are capable of flight and 
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reproduction; however, it takes them longer to initiate flight behavior, and their fecundities 
are lower than fecundities in other treatments. In both strains, detrimental effects became 
significantly less severe when the beetles were allowed to feed on regular foliage prior to 
ingestion of toxin. Overall egg production by reproductive resistant beetles in our 
experiment was slightly lower than egg production by reproductive susceptible beetles. 
However, due to the severe effect of Bt toxin on susceptible individuals, the observed 
difference was far less dramatic than the difference observed between the same strains 
when the beetles were fed exclusively on regular foliage (Trisyono and Whalon 1997; 
Chapter 6). 
When fed on a regular foliage, resistant Colorado potato beetles engaged in 
significantly fewer flights than susceptible beetles. This could be explained by the 
generally reduced fitness of the resistant individuals, which are also characterized by 
reduced fecundity, lower survivorship, longer time of development, and diminished ability 
to mate (Trisyono and Whalon 1997; Chapter 6). Since migration is considered to be a 
costly strategy (Rankin et al. 1986), it is not surprising that generally weak resistant 
beetles are less capable of flight. Interestingly, the ingestion of the Cry3 A toxin triggered 
a completely different response in the two strains. In the resistant strain, it significantly 
increased flight activity, indicating that physiological or biochemical resistance was 
probably reinforced by behavioral escape from the toxic environment. Such a response 
was characteristic both for beetles continuously fed on transgenic plants, as well as for 
beetles fed on regular plants before feeding on transgenic plants. A similar effect was 
reported by Hoy and Head (1995), who observed that Colorado potato beetle larvae with 
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a higher level of physiological resistance to the Cry3A toxin were also more behaviorally 
responsive, moving away from the foliage treated with the higher toxin concentrations. 
Beetles from the susceptible strain continuously fed on transgenic plants did not develop 
flight muscles and, hence, were incapable of flight. Susceptible beetles that fed on regular 
foliage for the first week after emergence from the soil and then switched to transgenic 
foliage were able to complete flight muscle development, and their flight did not differ 
from the flight of susceptible beetles continuously fed on regular foliage. These results are 
somewhat different from the earlier results described in Chapter 5. We suggest two 
possible explanations for the observed difference in beetle flight behavior. First of all, 
there could be genetic variation between two geographically isolated populations. Such 
variation is known to exist both in beetle flight (Weber and Ferro 1994), as well as in 
insecticide resistance (Grafius 1997). Secondly, there might be a difference between 
short-term effects of the toxin ingestion measured in the experiment discussed in Chapter 
5 and longer-term effects measured in the present study. Additional studies are required 
to clarify the exact origins of the observed discrepancy. Overall, when dietary conditions 
in the present experiment allowed susceptible beetles to develop flight muscles, they 
performed significantly more flights than did resistant beetles. Higher flight activity of 
susceptible beetles could be explained by the higher general fitness associated with the 
susceptible genotypes (Trisyono and Whalon 1997; Chapter 5). 
The currently adopted Colorado potato beetle resistance management plan for 
transgenic potato fields relies on a combination of refugia, supporting a population of 
susceptible individuals sufficient to curtail mating between resistant individuals, with a 
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high-dose 5-endotoxin expression in transgenic foliage, thereby removing beetles that are 
heterozygous for the resistant allele(s) (Whalon and Ferro 1998). Behavioral differences 
between resistant and susceptible beetles observed in the present study are likely to affect 
gene flow between transgenic crops and adjacent refiigia. Susceptible beetles that 
immigrate into a transgenic crop by walking soon after eclosion from pupae will die 
without developing to reproductive maturity. Susceptible beetles completing post-pupal 
development within refiigia, however, will be capable of functioning within a transgenic 
crop later in their lives. Mating between such susceptible immigrants and resistant 
residents will result in heterozygous offspring, which are not able to survive on transgenic 
plants. Resistant beetles, in turn, will tend to fly away from a transgenic crop, and those 
which arrive at refiigia will likely stay there, mate with susceptible residents, and leave 
heterozygous offspring. 
Gene flow between resistant and susceptible populations will also be affected by 
beetle walking, which is an important dispersal behavior within potato fields (de Wilde 
and Hsiao 1981), as well as by beetle ability to recover from toxin ingestion (Wierenga et 
al. 1996). Clearly, further studies investigating the impact of B. thuringiensis on Colorado 
potato beetle movement within a system of transgenic plants and refiigia are critical for 
designing a knowledge-based resistance management plan. Also, we recognize that the 
resistant population used in the present study could be genetically different from a 
resistant population selected under field conditions. However, since no Colorado potato 
beetle resistance to Cry3 A toxin has been detected in the field yet, we believe that our data 
provide a useful insight into possible developments under field conditions. 
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Table 7.4. Flight muscle development by resistant and susceptible Colorado potato beetle 
females fed on different diets. 
Treatment Area of flight muscle cross section (mm2) 
(SE) 
7 day-old beetles 21 day-old beetles 
Resistant beetles 1.05 1.2 
continuously fed on 
transgenic foliage 
(0.09) (0.13) 
Resistant beetles 1.35 1.35 
fed on regular then 
on transgenic foliage 
(0.07) (0.04) 
Resistant beetles 1.43 1.64 
fed on regular foliage 
only 
(0.05) (0.14) 
Susceptible beetles 0.35 0.3 
continuously fed on 
transgenic foliage 
(0.02) (0.03) 
Susceptible beetles 1.41 1.18 
fed on regular then 
on transgenic foliage 
(0.15) (0.09) 
Susceptible beetles 1.46 1.61 
fed on regular foliage 
only 
(0.15) (0.21) 
Ill 
T
ab
le
 
7.
5.
 
M
ul
tip
le
 
c
o
m
pa
ri
so
ns
 
o
f t
he
 
m
e
a
n
 
n
u
m
be
r 
o
f e
gg
s 
la
id
 
by
 
re
s
is
ta
nt
 
a
n
d 
su
sc
e
pt
ib
le
 
C
ol
or
ad
o 
po
ta
to
 
be
et
le
 
fe
m
al
es
 
fe
d 
o
n
 
di
ff
er
en
t 
di
et
s.
 
T3 
'53 
VI 
oo 
oo 
W 
u- 
o 
i* 
v 
x> 
£ 
3 
Pu 
CN 
Cu 3 O u> 
o 
c ^ 
g g 
S - 
Ou 
3 O 
u. 
o 
cd m 
£ s 
C/1 
CU 
3 O u, 
o 
"3 
<U ■*—> 
c/i 
Cd u 4—> 
C 
o 
CJ 
<N 
cu 
3 O u> 
a 
cu 
3 O 
u. 
a 
o 
00 
m 
o 
m 
VO 
co 
C/l 
4-* <o <u 
x 
jd 
X 
‘3 
CU 
<u 
o 
c/l 
3 
VI 
C/l 
4-> <D <D 
X 
-t—> 
c 
Cd 
on 
" vi 
<D 
o 
o 
o 
o' 
V 
CN 
ON 
co" 
r- 
a> 00 
C/l cd 
cd X 
<U u 
x ^2 
a> 3 3 oo 
.-2 <u 4-* u> 
CU - o g O o 
3 CO 
o 
o 
o 
o 
V 
o TT 
TT 
r-~ 
C/l jd 
<u O 
X 
JJ 
X 
c 
<u 
X 
j>l 
c 
o 
1} 
00 
Cd 
1 
<D 
00 
2 
c/i *0 
<u X 
*-> u, 
<D cd 
<U Ut 
C 
o 
c 
cd 4—* 
C/l 
<G "3 
C* c£ 
C/l 
<D 
3 
o 
cd O 
3 c 5o « 
o op 
<u 
<u 
x 
c 
o 
cu 
<U 
o 
3 ^ CO £ 
c/l C 
cd 
c 
o 
o 
S <D 00 2 6/5 £ c 2 2 
c/i O 
c/l 
<U C o 
<L> 00 
cd 
= *3 3 
£ £ 
o 
o 
o 
o' 
V 
Ov 
o 
ON 
VO rr S—s ✓—\ m 
m co ON r- X r- 
i—• 2- o CN co X oo 
o x m CN X 
m in |—4 CN i— vO 
oo '-✓ N—/ TT 
rt <N CN CN 
VO co co CO 
CN 
ON m rs. tn 
m 
CN 
r-* 
Cv 
VO 
ON (6
.7
5 l co 
ON 
00 
oT 
© 
r* 
CO 
GO 
CN 
OO 
f- VO m 
o' 
vn 
X CN o- CN 
ON co X CO 
C/l 
<D 
w 
- oo 
r? cd QJ • 
x -Q 
~ «2 
CD 
<U> _. 
X 3 
c 
cd 
vi 
" v5 O 
cd y 
3 ’c 00 « a) 00 
VI d> 
c 
o 
c 
o 
*3 
.<u 
c/l 
C 
cd 
3 O 
<u 00 
cd 
g >>*2 
X £ 
o 
3 
C 
C 
cd 
c/l . — 
C/l 
<V 
ei 
c 
o 
o 
o 
£ D 00 
c/i 
e 
cd 
112 
BIBLIOGRAPHY 
Argentine, J.A., J.M. Clark, and D.N. Ferro. 1989. Relative fitness of insecticide-resistant 
Colorado potato beetle strains (Coleoptera: Chrysomelidae). Environ. Entomol. 18: 
705-710. 
Argentine, J.A., J.M. Clark, and H. Lin. 1992. Genetics and biochemical mechanisms of 
abamectin resistance in two isogenic strains of Colorado potato beetle. Pestic. 
Biochem. Physiol. 44: 191-207. 
Bauer, L.S. 1995. Resistance: a threat to the insecticidal crystal proteins of Bacillus 
thuringiensis. Florida Entomol. 78: 414-443. 
Beeman, R.W. and S.M. Nanis. 1986. Malathion resistance alleles and their fitness in the 
red flour beetle. J. Econ. Entomol. 79: 580-587. 
Birch, L.C. 1948. The intrinsic rate of natural increase of an insect population. J. Anim. 
Ecol. 17: 15-26. 
Boiteau, G. 1985. Bionomics and genetics of a black mutant Colorado potato beetle, 
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae). Ann. Entomol. Soc. Am. 
78: 663-666. 
Boiteau, G. 1988a. Sperm utilization and post-copulatory female-guarding in the Colorado 
potato beetle, Leptinotarsa decemlineata. Entomol. Exp. Appl. 47: 183-187. 
Boiteau, G. 1988b. Control of the Colorado potato beetle, Leptinotarsa decemlineata 
(Say): learning from the Soviet experience. Bull. Entomol. Soc. Can. 20: 9-14. 
Boiteau, G., R.R. King, and D. Levesque. 1985. Lethal and sublethal effects of aldicarb 
on two potato aphids (Homoptera: Aphididae): Myzus persicae (Sulzer) and 
Macrosiphum euphorbiae (Thomas). J. Econ. Entomol. 78: 41-44. 
Campanhola, C., B.F. McCutchon, C.H. Baehrecke, and F.W. Plapp, Jr. 1991. Biological 
constraints associated with resistance to pyrethroids in the tobacco budworm 
(Lepidoptera: Noctuidae). J. Econ. Entomol. 84: 1404-1411. 
Caprio, M. and E. Grafius. 1990. Effects of light, temperature and feeding status on flight 
initiation in postdiapause Colorado potato beetle. Environ Entomol. 19: 281-285. 
Caprio, M.A. and B E. Tabashnik. 1992. Gene flow accelerates local adaptations among 
finite populations. J. Econ. Entomol. 85: 611-620. 
113 
Clark, A.G., M. Aguade, T. Prout, L.G. Harshman and C.H. Langley. 1995. Variation in 
sperm displacement and its association with accessory gland protein loci in 
Drosophila melanogaster. Genetics 139: 189-201. 
Coffelt, J.A. 1976. Multiple mating by Lasioderma serricorne (F.): effects on fertility and 
fecundity, pp. 549-553. In Proceedings, First International Working Conference on 
Stored-Product Entomology, 24-27 June 1974. Savannah, GA. 
Comins, H.N. 1977a. The development of insecticide resistance in the presence of 
migration. J. Theor. Biol. 64: 177-197. 
Comins, H.N. 1977b. The management of pesticide resistance. J. Theor. Biol. 65: 399- 
420. 
Comins, H.N. 1979. Analytic methods for the management of pesticide resistance. J. 
Theor. Biol. 77: 171-188. 
Conover, W.J. and R.L. Iman. 1981. Rank transformations as a bridge between 
parametric and nonparametric statistics. American Statistician 35: 124-129. 
Deroe, C. and J.M. Pasteels. 1977. Defensive mechanisms against predation in the 
Colorado beetle {Leptinotarsa decemlineata, Say). Arch. Biol. 88: 289-304. 
De Wilde, J. and T. Hsiao. 1981. Geographic diversity of of the Colorado potato beetle 
and its infestation in Eurasia, pp. 47-68. In J.H. Lashomb and R. Casagrande [eds.], 
Advances in Potato Pest Management. Hutchinson Ross Publishing Co., 
Stroudsbourg, PA. 
DiCosty, U.R. and M E. Whalon. 1997. Selection of Colorado potato beetle resistant to 
CrylllA on transgenic potato plants. Resist. Pest Manage. 9: 33-34. 
Dinardo-Miranda, L.L. and E.P.B. Contel. 1996. Enzymatic variability in natural 
populations of Aedes aegypti (Diptera: Culicidae) from Brazil. J. Med. Ent. 33: 726- 
733. 
Dingle, H. 1966. Some factors affecting flight activity in individual milkweed bug, 
Oncopeltus. J. Exp. Biol. 44: 335-343. 
Dingle, H. 1985. Migration, pp. 375-415. In G. A. Kerkut and L. I. Gilbert [eds.], Insect 
physiology, biochemistry, and pharmacology, vol. 9. Pergamon Press, Oxford, 
England. 
Dubis, E., E. Malinski, A. Dubis, J. Szafranek, J. Nawrot, J. Poplawski, and J.T. Wrobel. 
1987. Sex-dependent composition of cuticular hydrocarbons of the Colorado beetle, 
Leptinotarsa decemlineata Say. Comp. Biochem. Physiol. 87A. 839-843. 
114 
Eady, P. and S. Tubman. 1996. Last-male sperm precedence does not break down when 
females mate with three males. Ecol. Entomol. 21: 303-304. 
Edwards, M.A. and W.D. Seabrook. 1997. Evidence for an airborne sex pheromone in 
the Colorado potato beetle, Leptinotarsa decemlineata. Can. Entomol. 129: 667- 
672. 
Ferrari, J.A. and G.P. Georghiou. 1981. Effects of insecticidal selection and treatment on 
reproductive potential of resistant, susceptible, and heterozygous strains of the 
southern house mosquito. J. Econ. Entomol. 74: 323-327. 
Ferro, D.N. 1993. Potential for resistance to Bacillus thuringiensis: Colorado potato 
beetle (Coleoptera: Chrysomelidae) -- a model system. Am. Entomol. 39: 38-44. 
Ferro, D.N., J.A. Logan, R.H. Voss, and J.S. Elkinton. 1985. Colorado potato beetle 
(Coleoptera: Chrysomelidae) temperature-dependent growth and feeding rates. 
Environ. Entomol. 14: 343-348. 
Ferro, D.N., A.F. Tuttle, and D.C. Weber. 1991. Ovipositional and flight behavior of 
overwintered Colorado potato beetle (Coleoptera: Chrysomelidae). Environ. 
Entomol. 20: 1309-1314. 
Ferro, D.N., A.C. Slocombe, and C.T. Mercier. 1997. Colorado potato beetle 
(Coleoptera: Chrysomelidae): Residual mortality and artificial weathering of 
formulated Bacillus thuringiensis subsp. tenebrionis. J. Econ. Entomol. 90: 574- 
582. 
Forgash, A.G. 1985. Insecticide resistance in the Colorado potato beetle, pp. 33-52. In D. 
° N. Ferro and R. H. Voss [eds.], Proceedings, Symposium on the Colorado potato 
beetle. XVIIth International Congress of Entomology. Res. Bull. 704, Mass. Agric. 
Exp. Stn. Circ. 347. 
Georghiou, G.P. 1981. Implications of potential resistance to biopesticides, pp. 137-145. 
In D.W. Robert and R.R. Granados, [eds.], Biotechnology, biological pesticides and 
novel plant-host resistance for insect pest management. Boyce Thompson Institute 
for Plant Research, Ithaca, New York. 
Goss, P.J.E. and J.A. McKenzie. 1996. Selection, refugia, and migration: simulation of 
evolution of dieldrin resistance in Lucilia cuprina (Diptera: Calliphoridae). J. Econ. 
Entomol. 89: 288-301. 
Gould, F. 1988. Evolutionary biology and genetically engineered crops. BioScience 38: 
26-33. 
115 
Gould, F. 1998. Sustainability of transgenic insecticidal cultivars: integrating pest genetics 
and ecology. Ann. Rev. Entomol. 43: 701-726. 
Gould, F., P. Follett, B. Nault, and G.G. Kennedy. 1994. Resistance management 
strategies for transgenic potato plants, pp. 255-277. In G.W. Zehnder, R.K. Jansson, 
M.L. Powelson, and K.V. Raman [eds.]. Advances in Potato Pest Biology and 
Management. APS Press, St. Paul. 
Grafius, E.J. 1995. Is local selection followed by dispersal a mechanism for rapid 
development of multiple insecticide resistance in the Colorado potato beetle? Am. 
Entomol. 41: 104-109. 
Grafius, E.J. 1997. Economic impact of insecticide resistance in the Colorado potato 
beetle (Coleoptera: Chrysomelidae) on the Michigan potato industry. J. Econ. 
Entomol. 90: 1144-1151. 
Green, G.W. 1962. Flight and dispersal of the European pine shoot moth, Rhyacionia 
buoliana (Schiff). I. Factors affecting flight, and the flight potential of females. Can. 
Entomol. 94: 282-299. 
Groeters, F.R., B.E. Tabashnik, N. Finson, and M.W. Johnson. 1993. Effects of 
resistance to Bacillus thuringiensis on the mating success of the diamondback moth 
(Lepidoptera: Plutellidae). J. Econ. Entomol. 86: 1035-1039. 
Groeters, F.R., B.E. Tabashnik, N. Finson, and M.W. Johnson. 1994. Fitness costs of 
resistance to Bacillus thuringiensis in the diamondback moth. Evolution 48: 197- 
201. 
Harcourt, D.G. 1971. Population dynamics of Leptinotarsa decemlineata (Say) in eastern 
Ontario. III. Major population processes. Can. Entomol. 103: 1049-1061. 
Haubruge, E., L. Arnaud, and J. Mignon. 1997. The impact of sperm precedence in 
malathion resistance transmission in populations of the red flour beetle Tribolium 
castaneum (Herbst.). J. Stored Prod. Res. 33: 143-146. 
Hebert, P.D.N. and M.J. Beaton. 1993. Methodologies for allozyme analysis using 
cellulose acetate electrophoresis. Helena Laboratories Publication, Beaumont, TX. 
Hofmaster, R.N., R.L. Waterfield, and J.C. Boyd. 1967. Insecticides applied to the soil for 
control of eight species of insects on Irish potatoes in Virginia. J. Econ. Entomol. 
60: 1311-1318. 
Hough-Goldstein, J.A., J. Geiger, D. Chang, and W. Saylor. 1993. Palatability and 
toxicity of the Colorado potato beetle (Coleoptera: Chrysomelidae) to domestic 
chickens. Ann. Entomol. Soc. Am. 86: 158-164. 
116 
Hough-Goldstein, J.A. and J.M. Whalen. 1996. Relationship between crop rotation 
distance from previous potatoes and colonization and population density of 
Colorado potato beetle. J. Agric. Entomol. 13: 293-300. 
Hoy, C.W. and F.R. Hall. 1993. Feeding behavior of Plutella xylostella and Leptinotarsa 
decemlineata on leaves treated with Bacillus thuringiensis and esfenvalerate. Pestic. 
Sci. 38: 335-340. 
Hoy, C.W. and G. Head. 1995. Correlation between behavioral and physiological 
responses to transgenic potatoes containing Bacillus thuringiensis delta-endotoxin in 
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae). J. Econ. Entomol. 88: 
480-486. 
Hoy, C.W., G. Head, and F.R. Hall. 1998. Spatial heterogeneity and insect adaptation to 
toxins. Annu. Rev. Entomol. 43:571-594. 
Hu, X.P., J.J. Duan, and R.J. Prokopy. 1998. Effects of sugar/flour spheres coated with 
paint and insecticide on alighting female Ceratitis capitata (Diptera: Tephritidae) 
flies. Florida Entomol. 81: 318-325. 
Huettel, M.D., C.O. Calkins, and A.J. Hill. 1976. Allozyme markers in the study of sperm 
precedence in the plum curculio, Conotrachelus nenuphar. Ann. Entomol. Soc. Am. 
69: 465-468. 
Hughes, K. A. 1997. Quantitative genetics of sperm precedence in Drosophila 
melanogaster. Genetics 145: 139-151. 
Ioannidis, P.M., E. Grafius and M E. Whalon. 1991. Patterns of insecticide resistance to 
azinphosmethyl, carbofuran, and permethrin in the Colorado potato beetle 
(Coleoptera: Chrysomelidae). J. Econ. Entomol. 84: 1417-1423. 
Jacobson, J.W. and T.H. Hsiao. 1983. Isozyme variation between geographic populations 
of the Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera: 
Chrysomelidae). Ann. Entomol. Soc. Am. 76: 162-166. 
Jermy, T. and B.A. Butt. 1991. Method for screening female sex pheromone extracts of 
the Colorado potato beetle. Entomol. Exp. Appl. 59: 75-78. 
Johnson, C.G. 1969. Migration and dispersal of insects by flight. Methuen and Co, 
London. 
King, B. 1993. Flight activity in the parasitoid wasp Nasonia vitripennis (Hymenoptera: 
Pteromalidae). J. Insect Behav. 6: 313-321. 
117 
Lashomb, J.H., and Y.-S. Ng. 1984. Colonization by Colorado potato beetle, 
Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), in rotated and non- 
rotated potato fields. Environ. Entomol. 13: 1352-1356. 
Levinson, H.Z., A.R. Levinson, and T.L. Jen. 1979. Sex recognition by a pheromone in 
the Colorado beetle. Naturwissenschaften 66: 472-473. 
Lindquist, D.A. and V.S. House. 1967. Mating studies with apholate-sterilized boll 
weevils. J. Econ. Entomol. 60: 468-473. 
Lockwood, J.A., T.C. Sparks, and R.N. Story. 1984. Evolution of insect resistance to 
insecticides: a reevaluation of the roles of physiology and behavior. Bull. Entomol. 
Soc. Am. 30: 41-51. 
McCauley, D.E. and R. O’Donnell. 1984. The effect of multiple mating on genetic 
relatedness in larval aggregations of the imported willow leaf beetle (Plagiodera 
versicola, Coleoptera: Chrysomelidae). Behav. Ecol. Sociobiol. 15: 287-291. 
McCauley, D.E. and L.M. Reilly. 1984. Sperm storage and sperm precedence in the 
milkweed beetle, Tetraopes tetraophthalmus (Forster) (Coleoptera: Cerambycidae). 
Ann. Entomol. Soc. Am. 77: 526-530. 
McGaughey, W. and M.E. Whalon. 1992. Managing insect resistance to Bacillus 
thuringiensis toxins. Science 258: 1451-1455. 
McKenzie, J.A. 1990. Selection at dieldrine resistance locus in overwintering populations 
of Lucilia cuprina. Aust. J. Zool. 38: 493-501. 
McKenzie, J.A. 1994. Selection at diazinone resistance locus in overwintering 
populations of Lucilia cuprina (the Australian sheep blowfly). Heredity 73: 57-64. 
Milne, A. 1960. Biology and ecology of the garden chafer, Phyllopertha horticola (L.). 
VII. The flight season: male and female behavior, and concluding discussion. Bull. 
Ent. Res. 51: 353-378. 
Milner, M., K.J.S. Kung, J. A. Wyman, J. Feldman, and E. Nordheim. 1992. Enhancing 
overwintering mortality of Colorado potato beetle (Coleoptera: Chrysomelidae) by 
manipulating the temperature of its diapause habitat. J. Econ. Entomol. 85. 1701- 
1708. 
Newport, M.A. and M.H. Gromko. 1984. The effect of experimental design on female 
receptivity to remating and its impact on reproductive success in D. melanogaster. 
Evolution 38: 1261-1272. 
118 
Ng, Y.-S., and J.H. Lashomb. 1983. Orientation by the Colorado potato beetle 
(Leptinotarsa decemlineata Say). Anim. Behav. 31: 617-618. 
Owusu, E. O., C.S. Kim, M. Horiike, and C. Hirano. 1996. Comparative biological and 
enzymatic studies on some host-adapted populations of melon and cotton aphid, 
Aphisgossypii (Homoptera: Aphididae). J. Agric. Sci. 126: 449-453. 
Price, P.W. 1975. Insect Ecology. John Wiley and Sons. New York, New York. 
Quinton, R.J. 1955. DDT-resistant Colorado potato beetles? Proc. North Central Branch 
Entomol. Soc. Am. 9: 94-95. 
Rahardja, U. and M. E. Whalon. 1995. Inheritance of resistance to Bacillus thuringietisis 
subsp. tenebrionis CrylllA delta-endotoxin in Colorado potato beetle (Coleoptera: 
Chrysomelidae). J. Econ. Entomol. 88: 21-26. 
Rankin, M.E., M.L. McAnnely, and J.E. Bodenhamer. 1986. The oogenesis-flight 
syndrome revisited, pp.27-48. In W. Danthanarayana [ed.]. Insect flight, dispersal, 
and migration. Springer-Verlag, New York. 
Roush, R.T. and J.C. Daly. 1990. The role of population genetics in resistance research 
and management, pp. 97-152. In R.T. Roush and B E. Tabashnik [eds ]. Pesticide 
resistance in arthropods. Chapman and Hall, New York and London. 
Roush, R.T. and W. Plapp. 1982. Effects of insecticide resistance on the biotic potential 
of the house fly (Diptera: Muscidae). J. Econ. Entomol. 75: 708-713. 
Rowland, M. 1991. Activity and mating competitiveness of HCN/dieldrin and susceptible 
male Anopheles gambiae and An. siephensi, and the prospects for resistance 
management by rotations. Med. Vet. Entomol. 5: 207-222. 
Sappington, T.W. and W.B. Showers. 1992. Reproductive maturity, mating status, and 
long-duration flight behavior of Agrotis ipsilon (Lepidoptera: Noctuidae) and the 
conceptual misuse of the oogenesis-flight syndrome by entomologists. Environ. 
Entomol. 21: 677-688. 
Sauphanor, B., L. Chabrol, F.F. D'-Arcier, F. Sureau, and C. Lenfant. 1993. Side effects 
of diflubenzuron on a pear psylla predator: Forficula auricularia. Entomophaga 38: 
163-174. 
SAS Institute, Inc. 1989. SAS/STAT User’s Guide, Version 6. Fourth Edition, Cary, 
NC. 
Shanks, C.H. and R.K. Chapman. 1965. The effect of insecticides on the behavior of the 
green peach aphid and its transmission of potato virus Y. J. Econ. Entomol. 58. 79- 
83. 
119 
Shuffan, R.A., G.E. Wilde, and P.E. Sloderbeck. 1997. Life history of insecticide resistant 
and susceptible greenbug (Homoptera: Aphididae) strains. J. Econ. Entomol. 90: 
1577-1583. 
Sokal, R.R. and F.J. Rohlf. 1981. Biometry. Second Edition. Freeman and Co., New 
York, NY. 
Solbreck, C. 1978. Migration, diapause, and direct development as alternative life 
histories in a seed bug, Neacoryphus bicruci, pp. 195-217. In H. Dingle [ed.], 
Evolution of insect migration and diapause. Springer, New York. 
Sparks, T.C., J.A. Lockwood, R.L. Byford, J.B. Graves, and B.R. Leonard. 1989. The 
role of behavior in insecticide resistance. Pest. Sci. 26: 383-399. 
Stewart, J.G., G.G. Kennedy, and A.V. Sturz. 1997. Incidence of insecticide resistance in 
populations of Colorado potato beetle, Leptinotarsa decemlineata (Say) 
(Coleoptera: Chrysomelidae), on Prince Edward Island. Can. Entomol. 129: 21- 26. 
Sustare, B.D. 1978. Systems diagrams, pp. 275-312 In P. W. Colgan [ed.], Quantitative 
ethology. John Wiley and Sons, New York. 
Szentesi, A. 1985. Behavioral aspects of female guarding and inter-male conflict in the 
Colorado potato beetle, pp. 127-137. In D. N. Ferro and R. H. Voss [eds.]. 
Proceedings, Symposium on the Colorado potato beetle. XVIIth International 
Congress of Entomology. Res. Bull. 704, Mass. Agric. Exp. Stn. Circ. 347. 
Tabashnik, B.E. 1986. Model for managing resistance to fenvalerate in the Diamondback 
Moth (Lepidoptera: Plutellidae). J. Econ. Entomol. 79: 1447-1451. 
Tabashnik, B.E. 1994. Evolution of resistance to Bacillus thuringiensis. Annu. Rev. 
Entomol. 39: 47-79. 
Tabashnik, B.E. and B.A. Croft. 1982. Managing pesticide resistance in crop-arthropod 
complexes: interactions between biological and operational factors. Environ. 
Entomol. 11: 1137-1144. 
Tauber, M.J., C.A. Tauber, J.J. Obrycki, B. Gollands, and R.J. Wright. 1988a. 
Geographical variation in response to photoperiod and temperature by Leptinotarsa 
decemlineata (Coleoptera: Chrysomelidae). Ann. Entomol. Soc. Am. 81: 764-773. 
Tauber, C.A., M.J. Tauber, B. Gollands, R.J. Wright, and J.J. Obrycki. 1988b. 
Preimaginal development and reproductive responses to temperature in two 
populations of the Colorado potato beetle (Coleoptera: Chrysomelidae). Ann. 
Entomol. Soc. Am. 81: 755-763. 
120 
Taylor, C.E. and C.P. Georghiou. 1979. Suppression of insecticide resistance by alteration 
of gene dominance and migration. J. Econ. Entomol. 72: 105-109. 
Thibout, E. 1982. Le comportement sexuel du doryphore, Leptinotarsa decemlineata Say 
et son possible controle par 1’hormone juvenile et les corps allates. Behaviour 
80:199-217. 
Trisyono, A., and M.E. Whalon. 1997. Fitness costs of resistance to Bacillus 
thuringiensis in Colorado potato beetle (Coleoptera: Chrysomelidae). J. Econ. 
Entomol. 90: 267-271. 
Unruh, T.R. and R.L. Chauvin. 1993. Elytral punctures: a rapid, reliable method for 
marking Colorado potato beetle. Can. Entomol. 125: 55-63. 
Vick, K.W., W.E. Burkholder, and B.J. Smittle. 1972. Duration of mating refractory 
period and frequency of second matings in female Trogoderma inclusum 
(Coleoptera: Dermestidae). Ann. Entomol. Soc. Am. 65: 790-793. 
Voss, R.H. and D.N. Ferro. 1990a. Ecology of migrating Colorado potato beetles 
(Coleoptera: Chrysomelidae) in western Massachusetts. Environ. Entomol. 19: 123- 
129. 
Voss, R.H. and D.N. Ferro. 1990b. Phenology of flight and walking by Colorado potato 
beetle (Coleoptera: Chrysomelidae) adults in western Massachusetts. Environ. 
Entomol. 19: 117-122. 
Weber, D.C. and D.N. Ferro. 1993. Distribution of overwintering Colorado potato beetle 
in and near Massachusetts potato fields. Entomol. Exp. Appl. 66: 191-196. 
Weber, D.C., D.N. Ferro, and J.G. Stoffolano, Jr. 1993. Quantifying flight of Colorado 
potato beetles, Leptinotarsa decemlineata Say, with a microcomputer-based flight 
mill system. Ann. Entomol. Soc. Am. 86: 366-371. 
Weber, D. C. and D. N. Ferro 1994a. Colorado potato beetle: diverse life history poses 
challenge to management, pp. 54-70. In G. W. Zehnder, R. K. Jansson, M. L. 
Powelson, and K. V. Raman [eds.], Advances in Potato Pest Biology and 
Management. APS Press, St. Paul. 
Weber, D.C. and D.N. Ferro. 1994b. Movement of overwintered Colorado potato beetles 
in the field. J. Agric Entomol. 11: 17-27. 
Weber, D.C., D.N. Ferro, J. Buonaccorsi, and R.V. Hazzard. 1994. Disrupting spring 
colonization of Colorado potato beetle to nonrotated potato fields. Entomol. Exp. 
Appl. 73: 39-50. 
121 
Weber, D.C. and D.N. Ferro. 1996. Flight and fecundity of Colorado potato beetles fed 
on different diets. Ann. Entomol. Soc. Am. 89: 297-306. 
Whalon, M.E., D.L. Miller, R.M. Hollingsworht, E.J. Grafius, and J.R. Miller. 1993. 
Selection of a Colorado potato beetle (Coleoptera: Chrysomelidae) strain resistant to 
Bacillus thuringiensis. J. Econ. Entomol. 86(2): 226-233. 
Whalon, M.E. and D.N. Ferro. 1998. Bt-potato resistance management, pp. 107-136 In 
Mellon, M. and J. Rissler [eds.] Now or never: serious new plans to save a natural 
pest control. UCS, Cambridge, MA. 
Wierenga, J.M., D.L. Norris, and M.E. Whalon. 1996. Stage-specific mortality of 
Colorado potato beetle (Coleoptera: Chrysomelidae) feeding on transgenic potatoes. 
J. Econ. Entomol. 89: 1047-1052. 
Wiesner, C.J., L.P.S. Kuenen, and A.R. Alford. 1984. Assessment of the potential of sex 
pheromones for the control of the Colorado potato beetle. Report No. C/84/029 to 
Agriculture Canada, Research Branch, Ottawa. 
Wiktelius, S. 1981. Wind dispersal of insects. Grana 20: 205-207. 
Wright, R.J. 1984. Evaluation of crop rotation for control of Colorado potato beetles 
(Coleoptera: Chrysomelidae) in commercial potato fields on Long Island. J. Econ. 
Entomol. 77: 1254-1259. 
Yang, B. 1994. Muscle development, energy source utilization, and metabolism hormone 
activity in Colorado potato beetle, Leptinotarsa decemlineata (Say) flight. M.S. 
Thesis, University of Massachusetts. 
Zangerl, A.R. and M.R. Berenbaum. 1990. Furanocumarin induction in wild parsnip: 
genetics and populational variation. Ecology 71: 1933-1940. 
Zar, J.H.. 1996. Biostatistical Analysis. Third Edition, Prentice Hall, Upper Saddle River, 
’ NJ. 
Zehnder, G.and J. Speese, HI. 1987. Assessment of color response and flight activity of 
Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) using window flight 
traps. Environ. Entomol. 16: 1199-1202. 
Zehnder, G.W., L Sandall, A.M. Tisler, and T.O. Powers. 1992. Mitochondrial DNA 
diversity among 17 geographic populations of Leptinotarsa decemlineata 
(Coleoptera: Chrysomelidae). Ann. Entomol. Soc. Am. 85: 234-240. 
122 


